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Abstract
We present a hybrid asymptotic/numerical method for the accurate computation of single and double
layer heat potentials in two dimensions. It has been shown in previous work that simple quadrature
schemes suffer from a phenomenon called “geometrically-induced stiffness,” meaning that formally high-
order accurate methods require excessively small time steps before the rapid convergence rate is observed.
This can be overcome by analytic integration in time, requiring the evaluation of a collection of spatial
boundary integral operators with non-physical, weakly singular kernels. In our hybrid scheme, we combine
a local asymptotic approximation with the evaluation of a few boundary integral operators involving only
Gaussian kernels, which are easily accelerated by a new version of the fast Gauss transform. This new
scheme is robust, avoids geometrically-induced stiffness, and is easy to use in the presence of moving
geometries. Its extension to three dimensions is natural and straightforward, and should permit layer
heat potentials to become flexible and powerful tools for modeling diffusion processes.
1 Introduction
A variety of problems in computational physics involve the solution of the heat equation in moving geometries
- often as part of a more complex modeling task. Examples include heat transfer, fluid dynamics, solid-
liquid phase transitions, and the diffusion of biochemical species. Integral equation methods are particularly
powerful for solving such problems; they are stable, insensitive to the complexity of the geometry, and
naturally applicable to non-stationary domains. For unbounded domains, they have the additional advantage
that they do not require artificial absorbing conditions to be imposed on a finite computational domain, as
do methods based on directly discretizing the governing partial differential equation. Methods of this type
have not become widespread, in part because of quadrature difficulties when evaluating the necessary space-
time integrals. Here, we present a robust, new method that overcomes these difficulties, combining a local
asymptotic calculation with an exponential variable transformation that permits high order accuracy to be
achieved using a small number of quadrature nodes in time, both on and off surface.
Before turning to the more technical aspects of quadrature, let us introduce the issues with a simple
model problem. We seek the solution of the heat equation in either the interior or exterior of a non-
stationary domain given at time t by Ω(t). The boundary of Ω(t) will be denoted by Γ(t). More precisely,
we seek to compute the solution to the system:
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∂U
∂t
(x, t)−∇2U(x, t) = 0, (x, t) ∈ Ω(t) (1)
U(x, 0) = f(x), x ∈ Ω(0), (2)
[U(x, t)] = µ(x, t), (x, t) ∈ Γ(t) (3)[
∂U
∂n
(x, t)
]
= σ(x, t), (x, t) ∈ Γ(t) (4)
over the time interval 0 ≤ t ≤ T . Here, the notation [f(x, t)] denotes the jump in f(x, t) across Γ(t) in the
outward normal direction. We let N denote the total number of time steps with ∆t = T/N . Without loss of
generality, let us simply consider the first time step. Given the solution to (1) at time t0 = 0, the solution
at time t = t0 + ∆t = ∆t can be expressed explicitly as
u(x,∆t) = J [U(x, 0),∆t](x) +D[µ](x,∆t) + S[σ](x,∆t), (5)
with
J [f,∆t](x) =
∫
Ω(0)
G(x− y,∆t)f(x) dy , (6)
S[σ](x,∆t) =
∫ ∆t
0
∫
Γ(τ)
G(x− y,∆t− τ)σ(y, τ)dsydτ , (7)
D[µ](x,∆t) =
∫ ∆t
0
∫
Γ(τ)
∂
∂νy
G(x− y,∆t− τ)µ(y, τ)dsydτ . (8)
(9)
Here,
G(x, t) =
e−‖x‖
2/4t
(4pit)d/2
(10)
is the fundamental solution of the heat equation in d dimensions. The function J [f,∆t](x) is referred to as
an initial (heat) potential, the function S[σ](x,∆t) is referred to as a single layer potential, and the function
D[µ](x,∆t) is referred to as a double layer potential. In the remainder of this paper, we will assume d = 2.
Both S[σ](x,∆t) and D[µ](x,∆t) satisfy the homogeneous heat equation. The fact that (5) is the exact
solution to the model problem is a consequence of the following theorem concerning the behavior of layer
potentials [9, 14].
Theorem 1. Let Ω(t) be a bounded domain with smooth boundary Γ(t), and let x′ denote a point on Γ(t).
Then D[µ](x, 0) = 0 for x /∈ Γ(0), and
lim
x→x′
x∈Ω(∆t)
D[µ](x,∆t) = −1
2
µ(x′,∆t) +D∗[µ](x′,∆t) , (11)
lim
x→x′
x∈cΩ(∆t)
D[µ](x,∆t) =
1
2
µ(x′,∆t) +D∗[µ](x′,∆t) , (12)
where
D∗[µ](x′,∆t) :=
∆t∫
0
∫
Γ(τ)
∂
∂ny
G(x′ − y,∆t− τ) µ(y, τ) dsy dτ, x′ ∈ Γ(∆t) (13)
is a weakly singular operator acting on the boundary, and cΩ(∆t) denotes the complement of Ω(∆t).
We also have S[σ](x, 0) = 0 for x /∈ Γ(0), and
lim
x→x′
x∈Ω(∆t)
∂
∂nx′
S[σ](x,∆t) =
1
2
σ(x′,∆t) +K∗[σ](x′,∆t) , (14)
lim
x→x′
x∈cΩ(∆t)
∂
∂nx′
S[σ](x,∆t) = −1
2
σ(x′,∆t) +K∗[σ](x′,∆t) , (15)
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where
K∗(σ)(x′,∆t) :=
∆t∫
0
∫
Γ(τ)
∂
∂nx′
G(x′ − y,∆t− τ) σ(y, τ) dsy dτ, x′ ∈ Γ(∆t), (16)
is a weakly singular operator acting on the boundary.
Finally, the kernel of the single layer potential is also weakly singular, so that
S[σ](x′,∆t) :=
∆t∫
0
∫
Γ(τ)
G(x′ − y,∆t− τ) σ(y, τ) dsy dτ (17)
is well-defined for x′ ∈ Γ(∆t), with limx→x′ S[σ](x,∆t) = S[σ](x′,∆t).
Remark 1. The evaluation of J [f,∆t] can be carried out using a “volume integral” version of the fast
Gauss transform [20], so we concentrate here on the efficient and accurate evaluation of the boundary integral
components D[µ](x,∆t) and S[σ](x,∆t).
Remark 2. Boundary integral methods that use (5) over the entire space-time history of the problem without
recasting the solution as new initial value problem at each time step are also very powerful, but require fast
algorithms that are outside the scope of the present paper [6, 7, 17]. Even in those schemes, the accurate
computation of S[σ](x,∆t) and D[µ](x,∆t) is essential.
Remark 3. For Dirichlet, Neumann, or Robin boundary conditions on Γ(t), classical approaches based on
the single and/or double layer potential yield Volterra integral equations of the second kind [9, 14]. We omit
a discussion of these boundary value problems here, since we are focused on the problem of quadrature, and
the relevant considerations are more easily illustrated by considering the analytic solution (5) with σ and µ
viewed as known functions.
2 Asymptotics of local heat potentials in two dimensions
We turn first to the construction of asymptotic expansions for S[σ] and D[µ] that are valid both on and off
surface. Earlier results in [7] can be obtained as the limiting case for S[σ] when the target approaches the
boundary. Similar analysis (for the single layer case) was carried out by Strain [16], using a different set of
asymptotic parameters.
Let us assume that an arbitrary target point x is expressed in the form x = x0 + r ·n, where x0 ∈ Γ(∆t)
is the closest point on the boundary at time ∆t, n is the unit inward normal vector at x0, and r is the signed
distance from x to the boundary. That is, when x is in the interior of the domain, r is taken to be positive,
while if x is an exterior point, then r is negative.
Observing that the single and double layer potentials are invariant under Euclidean motion, we shift and
rotate the coordinate system so that x0 lies at the origin (0, 0) and n points in direction of the positive
y-axis. We further assume that the boundary Γ(∆t) extends away from the origin in such a way that it is
locally the graph of a function, parametrized as
x = s, y = y(s, τ) (18)
where y(0,∆t) = ys(0,∆t) = 0 with curvature κ = yss(0,∆t) and normal velocity v = yτ (0,∆t).
Remark 4. With a slight abuse of notation, we will assume that the boundary extends to infinity while
remaining the graph of a function. This involves an exponentially small error, assuming that Γ(∆t) is the
graph of a function out to a distance L, where L >
√
∆t ln(1/). From the decay of the heat kernel, it is
straightfoward to verify that this incurs an error of the order O(), so long as the boundary then extends
farther away from the target point x0, now located at the origin.
For the sake of clarity, let us now write σ(s, τ) in place of σ(y, τ) and switch to the coordinate system
indicated by (18). The single layer potential then takes the form:
S[σ](x,∆t) ≈
∫ ∆t
0
∫ ∞
−∞
e−s
2/4(∆t−τ)e−(r−y)
2/4(∆t−τ)
4pi(∆t− τ) σ(s, τ)
√
1 + y2s(s, τ) ds dτ, (19)
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where y = y(s, τ). If we apply the change of variables
z =
√
4(∆t− τ), u = s√
4(∆t− τ) , (20)
we obtain
S[σ](x,∆t) =
1
2pi
∫ 2√∆t
0
∫ ∞
−∞
e−u
2
e−(r−y)
2/z2σ(uz,∆t− z2/4)
√
1 + y2s du dz. (21)
From this formula, we expand y(s, τ) and σ(uz,∆t−z2/4) as Taylor series in u and z. This yields asymptotic
expansions for the local parts of layer potentials.
Lemma 1. Let Γ(τ) and σ(x, τ) be four times differentiable. Then
S[σ](x,∆t) =
1
2
√
∆t
pi
E3/2
(
c2
4
)(
1 +
κ− v
2
· c
√
∆t
)
· σ(x0,∆t) +O(∆t3/2) (22)
where x = x0 + c
√
∆t · n, x0 ∈ Γ(∆t) is a point on the boundary at time ∆t, n is the inward normal vector
at x0, κ is the curvature, and v is the normal velocity. Here, E3/2 denotes the exponential integral of order
3/2:
E3/2(x) =
∫ ∞
1
e−xt
t3/2
dt . (23)
Proof: Beginning with (21), we assume that the functions y(s, τ) and σ(s, τ) have the following Taylor
expansions:
y(s, τ) =
∑
n,m
αn,ms
n(∆t− τ)m =
∑
n,m
αn,m
4m
unz2m+n (24)
σ(s, τ) =
∑
n,m
βn,ms
n(∆t− τ)m =
∑
n,m
βn,m
4m
unz2m+n (25)
Note that
α0,0 = y(0,∆t) = 0
α1,0 = ys(0,∆t) = 0
α0,1 = −yτ (0,∆t) = −v
α2,0 =
yss(0,∆t)
2
=
κ
2
.
The result now follows by substituting (24) and (25) into e−(r−y)
2/z2 and
√
1 + y2s in equation (21), using
the facts that ∫ ∞
−∞
u2n−1e−u
2
du = 0∫ ∞
−∞
u2ne−u
2
dr =
√
pi · (2n− 1)!!
2n

Remark 5. This calculation can be carried out to higher order in ∆t. However, the expression will involve
higher order derivatives of y(s, t) and σ and are not likely to be practical. The expansions above are sufficient
for our purposes.
Remark 6. The exponential integral of order s is defined by
Es(x) =
∫ ∞
1
e−xt
ts
dt.
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It satisfy the recurrence:
Es+1(x) =
1
s
(e−x − xEs(x))
for s > 0, and
Es(x) = x
s−1 · Γ(1− s, x)
for 0 < s < 1. Here Γ(1− s, x) is the incomplete Gamma function of order 1− s. In particular, we have
E3/2(x) = 2(e
−x −√xΓ(1
2
, x)).
This provides one method for computing E3/2(x), since incomplete Gamma functions are well studied special
functions and there is widely available software for their evaluation.
The asymptotic expansion for the double layer potential D is given by the following lemma.
Lemma 2. Let Γ(τ) and µ(x, τ) be four times differentiable, then
D[µ](x,∆t) =−
√
∆t
pi
E3/2
(
c2
4
)
κ+ v
4
µ(x0,∆t)
− sgn(c)
2
erfc
( |c|
2
)
(1 + c
√
∆t · κ− v
2
)µ(x0,∆t) +O(∆t),
(26)
where erfc(x) = 2√
pi
∫∞
x
e−t
2
dt is the complementary error function. x, x0, κ, v and c have the same
definition as in Lemma 1.
Proof: Using the same notation and change of variables as above, D assumes the form
D[µ](x,∆t) =
1
pi
∫ 2√∆t
0
∫ ∞
−∞
e−u
2
e−
(r−y)2
z2
y − r − sys
z2
µ(u, z) du dz. (27)
Assume now that µ(s, τ) has the following Taylor expansion:
µ(s, τ) =
∑
n,m
γn,ms
n(∆t− τ)m =
∑
n,m
γn,m
4m
unz2m+n (28)
Substituting (24) and (28) into e−
(r−y)2
z2 and y−r−sysz2 in equation (27) yields the desired result, using the
fact that ∫ 2√∆t
0
r2/z2
z2
dz =
√
pi
2|r| erfc
( |r|
2
√
∆t
)
. (29)

Remark 7. There is no essential difficulty in carrying out this calculation to higher order. In the case of
D[µ], however, the expression is quite involved, even to achieve an error of the order O(∆t3/2). It involves
the derivatives µτ and µss:
D[µ](x,∆t) =
√
∆t
pi
E3/2
(
c2
4
)(
−κ+ v
4
+
v2 − 3κ2
8
c
√
∆t
)
µ(x0,∆t)
− sgn(c)
2
erfc
( |c|
2
)(
1 + c
√
∆t
κ− v
2
+ c2∆t
v2 + 3κ2 − 2vκ
8
)
µ(x0,∆t)
− c∆t√
pi
E3/2
(
c2
4
)(
v2 + 3κ2 − 2vκ
16
µ(x0,∆t) +
µss(x0,∆t)− µτ (x0,∆t)
4
)
+O(∆t3/2) .
(30)
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2.1 Asymptotics on the boundary
In the asymptotic formulae (22) and (26), we may let x → x0 (i.e. c → 0) in order to recover the known
asymptotics [7, 12, 13] for points on the boundary Γ(∆t) itself. For the sake of completeness, we include
them here.
Corollary 1. Let Γ(τ) and σ(x, τ) be four times differentiable, and let x0 ∈ Γ(∆t) be a point on the boundary
at time ∆t. Then
S[σ](x0,∆t) =
√
∆t
pi
σ(x0,∆t) +O(∆t
3/2). (31)
Proof: In equation (22), let x → x0 (i.e. c = |x−x0|√∆t → 0). The result follows from the facts that
limc→0E3/2(c) = E3/2(0) = 2 and that the single layer is only weakly singular, so that
lim
x→x0∈Γ(∆t)
S[σ](x,∆t) = S[σ](x0,∆t).

Corollary 2. Let Γ(τ) and µ(x, τ) be four times differentiable, and let x0 ∈ Γ(∆t) be a point on the boundary
at time ∆t. Then
D∗[µ](x0,∆t) = −
√
∆t
pi
κ+ v
2
µ(x0,∆t) +O(∆t
3/2), (32)
where D∗[µ](x0,∆t) is defined in (13).
Proof: The result follows from equation (30), letting x→ x0 (i.e. c = |x−x0|√∆t → 0). We also make use of the
jump relations
lim
x→x0∈Γ(∆t),x∈Ω(∆t)
D[σ](x,∆t) = −1
2
µ(x0,∆t) +D
∗[µ](x0,∆t)
lim
x→x0∈Γ(∆t),x∈Ωc(∆t)
D[σ](x,∆t) =
1
2
µ(x0,∆t) +D
∗[µ](x0,∆t),
with the convention that when x is in the interior of the domain (x ∈ Ω(∆t)), we have sgn(c) = 1. When
x ∈ Ωc(∆t) we have sgn(c) = −1. 
Remark 8. Note that, on the boundary, the order of accuracy for D is already of the order O(∆t3/2),
including only the leading order term. This is because all of the terms of order O(∆t) in equation 30 vanish
as c→ 0.
2.2 Generalization
Sometimes it is convenient to have asymptotic formulas for the layer potentials that are one step removed
from the current time, which we will now denote by 2∆t. That is, we seek approximations of
SB [σ](x, 2∆t) =
∫ ∆t
0
∫
Γ(τ)
G(x− y, 2∆t− τ)σ(y, τ)dsydτ (33)
DB [µ](x, 2∆t) =
∫ ∆t
0
∫
Γ(τ)
∂
∂ny
G(x− y, 2∆t− τ)µ(y, τ)dsydτ (34)
All of the transformations used above still apply and we give the results here without repeating the
derivation.
Lemma 3. Let Γ(τ) and σ(x, τ) be four times differentiable, then
SB [σ](x, 2∆t) =
1
2
√
∆t
pi
(√
2E3/2
(
c2
8
)
− E3/2
(
c2
4
))(
1 +
κ− v
2
· c
√
∆t
)
· σ(x0, 2∆t) +O(∆t3/2), (35)
following the notation of Lemma (1).
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Lemma 4. Let Γ(τ) and µ(x, τ) be four times differentiable, then
DB [µ](x, 2∆t) =−
√
∆t
pi
(√
2E3/2
(
c2
8
)
− E3/2
(
c2
4
))
κ+ v
4
µ(x0, 2∆t)
− sgn(c)
2
(
erfc
(√
2|c|
4
)
− erfc
( |c|
2
))
(1 + c
√
∆t · κ− v
2
)µ(x0, 2∆t)
+O(∆t),
(36)
following the notations of lemma (2).
For targets x0 ∈ Γ(2∆t) on the boundary, simply let x→ 0 in the above lemmas.
Corollary 3. Let Γ(τ) and σ(x, τ) be four times differentiable, and x0 ∈ Γ(2∆t) be a point on the boundary
at time ∆t, then:
SB [σ](x0, 2∆t) =
√
2− 1
2
√
∆t
pi
σ(x0, 2∆t) +O(∆t
3/2) . (37)
Corollary 4. Let Γ(τ) and µ(x, τ) be four times differentiable, and let x0 ∈ Γ(2∆t) be a point on the
boundary at time 2∆t. Then
DB [µ](x0, 2∆t) = −
√
∆t
pi
(
√
2− 1)κ+ v
2
µ(x0, 2∆t) +O(∆t
3/2) . (38)
3 Quadrature methods for local heat potentials
In the preceding section, we developed asymptotic methods for S[σ] and D[µ]. Formally, these appear to
be highly efficient, but there are two major drawbacks to their use. First, as we saw above, it is somewhat
unwieldy to carry out asymptotic expansions to high order in ∆t. Moreover, those expressions involve
impractical high order derivatives of the density and the geometry. A second problem is that the formal
order of convergence is not manifested until ∆t is rather small, on the order of ∆x2, where ∆x is the
spacing in the discretization of the boundary. This lack of resolution for larger values of ∆t is referred to as
“geometrically induced stiffness,” and has been studied in detail in [12].
Leaving asymptotic methods aside for the moment, direct numerical quadrature approximations require
some care because of the singularity in time introduced by the heat kernel. To clarify the nature of the
singularity in time, let us rewrite the local layer potentials in the following form:
S[σ](x,∆t) =
∫ ∆t
0
1√
4pi(∆t− τ)BS [σ](x,∆t, τ)dτ, (39)
where
BS [σ](x,∆t, τ) =
∫
Γ(τ)
e−
|x−y|2
4(∆t−τ)√
4pi(∆t− τ)σ(y, τ)dsy, (40)
and
D[µ](x,∆t) =
∫ ∆t
0
1√
4pi(∆t− τ)BD[µ](x,∆t, τ)dτ, (41)
where
BD[µ](x,∆t, τ) =
∫
Γ(τ)
e−
|x−y|2
4(∆t−τ)
4
√
pi(∆t− τ)3/2 (x− y) · nyµ(y, τ)dsy. (42)
A straightforward calculation shows that both BS [σ](x,∆t, τ) and BD[µ](x,∆t, τ) are bounded as τ → ∆t
and of the same order of smoothness as σ and Γ(τ). Thus, the singularity in (39) and (41) is indeed of the
form 1√
∆t−τ , as written. There are an abundance of quadrature rules available to deal with integrands of
this form.
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3.1 Partial product integration
Because of the inverse square root singularity in (39), a natural choice is product integration, which takes
the form:
S[σ](x,∆t) =
√
∆t
4pi
k∑
j=0
wjBS [σ](x,∆t, vj) + e∆t(k). (43)
Here, the nodes vj =
j
k∆t are equispaced, and the weights w0, · · · , wk are chosen so that∫ ∆t
0
1√
∆t− τ g(τ)dτ =
√
∆t
k∑
j=0
wjg(∆t− vj) (44)
is exact for g(τ) a polynomial of degree ≤ k. It is straightforward to verify that the error e∆t(k) is of the
order k + 3/2. More precisely, we have:
e∆t(k) ≤ C∆tk+3/2‖g(k+1)‖∞, (45)
for some constant C. Variants of this method using nonequispaced nodes include Gauss-Jacobi quadrature
[4], and hybrid Gauss-trapezoidal rules [1]. With a slight abuse of language, we refer to all such methods
as partial product integration methods, since they take into account only part of the structure of the heat
kernel. An important feature of these methods is that each spatial integral is simply a convolution with a
Gaussian and can be computed in linear time using the fast Gauss transform [8, 15, 18, 20].
Unfortunately, these methods also suffer from geometrically induced stiffness, as shown in [12]. The mode
of failure is that, even when the geometry and density are sufficiently well-resolved with a spatial grid with
spacing ∆x, the formal order of accuracy of partial product integration is sometimes not manifested until
∆t ≈ ∆x2. While first observed as a geometric phenomenon near regions of high curvature, it occurs even
on straight boundaries with sharply peaked densities, so that the term geometric is perhaps unfortunate.
3.2 Geometrically induced stiffness
As a simple example, let us consider the computation of S[σ], where the boundary Γ is chosen to be the
x-axis, and the density σ is chosen to be a (time-independent) Gaussian centered at the origin:
σ(y, τ) = σd(y) =
1√
4pid
e−
y2
4d , (y = (y, 0)). (46)
Note that σ(y, τ) is well-resolved with a spatial mesh whose spacing is ∆x ≈ √d. We choose the evaluation
point to be x = (x, 0). In this case, letting t = ∆t− τ , S[σ] takes the form:
S[σ](x,∆t) =
∫ ∆t
0
∫ ∞
−∞
1
4pit
e−
(x−y)2
4t σd(y)dydt
=
∫ ∆t
0
1√
4pit
∫ ∞
−∞
1√
4pit
e−
(x−y)2
4t σd(y)dydt
=
∫ ∆t
0
1√
4pit
gd(x, t)dt,
(47)
where
gd(x, t) =
1√
4pi(t+ d)
e−
x2
4(t+d) . (48)
It is straightforward to verify that
∂k
∂tk
gd(x, t) =
1√
4pi
(
1
2
)2k (
1
t+ d
)k+1/2
h2k
(
x√
2t+ d
)
, (49)
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where h2k is the Hermite function of order 2k, defined as h2k(t) = D
2ke−t
2
. At x = 0, for example, the
maximum value of ∂
k
∂tk
gd(x, t) is achieved at t = 0, and thus we have:
‖ ∂
k
∂tk
gd(0, ·)‖∞ = 2
k(2k − 1)!!√
4pid
(
1
4d
)k
. (50)
Suppose now that we make use of product integration with k + 1 nodes in time. Combining (50) with
(45), we obtain:
e∆t(k) ≤ C∆tk+3/2 2
k+1(2k + 1)!!√
pi
(
1
4d
)k+3/2
= C(k)
(
∆t
4d
)k+3/2
,
(51)
where C(k) is a constant that is independent of ∆t and d but grows rapidly with k. Thus, despite the fact
that ∆x ≈ √d is sufficient to resolve the density, we need ∆t ≈ d ≈ ∆x2 in order for the time quadrature
to be accurate, so that ∆t ≤ 4d in (51). This is not a formal result: partial product integration with larger
time steps is, indeed, inaccurate in this regime.
3.3 Adaptive Gaussian Quadrature
A powerful method for handling end-point singularities is adaptive Gaussian quadrature. The basic idea
for an integrable singularity at τ = ∆t is to subdivide the time interval [0,∆t] dyadically, so that each
subinterval is separated from the singular endpoint by its own length. For a precision , it is easy to see that
cutting off the last interval [∆t − 2,∆t] yields a truncation error of size . This follows from the fact that
the norm of the operator S[σ](x, ) is of the order O(
√
). Dydadic refinement to this scale clearly requires
approximately log2 
2 subintervals. In the elliptic setting, say for corner singularities using two-dimensional
boundary integral methods, it has been shown that using a simple nth order Gauss-Legendre rule on each
subinterval yields “spectral accuracy” with respect to n [3, 5, 10, 19]. That is, the error is of the order
O(e−n log2 ). We now show that the same principle can be applied to heat potentials, in a manner that is
high order and that also overcomes geometrically induced stiffness. For the sake of simplicity, we restrict
our attention to the same model problem considered above.
Theorem 2. Let S[σ](x,∆t) be the single layer potential truncated at ∆t− 2:
S[σ](x,∆t) =
∫ ∆t−2
0
∫ ∞
−∞
1
4pi(∆t− τ)e
− (x−y)2
4(∆t−τ)σd(y) dydτ, (52)
where σd(y) is given by (46), and the evaluation point is chosen to be x = (x, 0). Suppose now that the
interval [0,∆t− 2] has a dyadic decomposition of the form:
[0,∆t− 2] = ∪N−1i=0 [∆t− 2i2,∆t− 2i+12], (53)
where ∆t = 2N 2, and that on each dyadic subinterval, the Gauss Legendre rule with n quadrature nodes is
applied. Then the error En in applying composite Gauss-Legendre quadrature satisfies the error bound:
En ≤ C log2
(
∆t
2
)
n1/4
16n
. (54)
Proof: Letting t = ∆t− τ , from (47) and (48), we have that
S[σ](x,∆t) =
∫ ∆t
2
1√
4pit
gd(x, t)dt, (55)
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where
gd(x, t) =
1√
4pi(t+ d)
e−
x2
4(t+d)
=
1√
4pi(t+ d)
h0
(
x
2
√
t+ d
)
,
(56)
and h0 is the Hermite function of order zero. For convenience of notation, we let
Fd(x, t) =
1√
4pit
gd(x, t) . (57)
We now rewrite the integral as a sum of integrals on dyadic subintervals:
S[σ](x,∆t) =
N−1∑
i=1
∫ 2i+12
2i2
Fd(x, t)dt, (58)
and denote by Ein the quadrature error on the ith subinterval. Thus,
Ein =
∥∥∥∥∥∥
∫ 2i+12
2i2
Fd(·, t)dt−
n∑
j=1
wijFd(·, tij)
∥∥∥∥∥∥
∞
, (59)
where {tij}nj=1 and {wij}nj=1 are the Legendre nodes and weights on the ith subinterval. In order to apply
the standard estimate for Gauss Legendre quadrature (Lemma 7 in the appendix), we need an upper bound
for the (2n)th derivative of Fd(x, t) with respect to time.
Since gd(x, t) satisfies the one dimensional heat equation on (−∞,∞)× (−d,∞), we have:
Dtgd(x, t) = D
2
xgd(x, t), (∀(x, t) ∈ (−∞,∞)× (0,∞)), (60)
so that
Dkt gd(x, t) = D
2k
x gd(x, t)
=
1√
4pi
(
1
2
)2k (
1
t+ d
)k+1/2
h2k
(
x
2
√
t+ d
)
.
(61)
Applying Cramer’s inequality (Lemma 5), we obtain:
|Dkt gd(x, t)| ≤ C
(
1
2
)k (
1
t
)k+1/2√
(2k)! . (62)
From Corollary 5 (see the appendix), this implies
|Dkt gd(x, t)| ≤ C˜n1/4
∣∣∣∣Dkt ( 1√t
)∣∣∣∣ , (63)
which means that up to a mild growth factor in n, the kth derivative of gd(x, t) is controlled by that of
1√
t
.
Returning to the integrand in (55), Leibniz’s rule leads to
|D2nt Fd(x, t)| =
2n∑
k=0
(
2n
k
) ∣∣∣∣D2n−kt ( 1√4pit
)∣∣∣∣ · |Dkt gd(x, t)|
≤ Cn1/4
2n∑
k=0
(
2n
k
) ∣∣∣∣D2n−kt ( 1√t
)∣∣∣∣ · ∣∣∣∣Dkt ( 1√t
)∣∣∣∣
= Cn1/4
∣∣∣∣D2nt (1t
)∣∣∣∣ , (∀t > 0, ∀x ∈ R).
(64)
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(The last step follows from the Leibnitz rule applied to 1t =
1√
t
· 1√
t
.)
Restricting t to the ith subinterval [2i2, 2i+12] we obtain:
D2nt Fd(x, t) ≤ Cn1/4(2n)!
(
1
2i2
)2n+1
∀x ∈ R. (65)
Combined with the standard error estimate for Gauss-Legendre quadrature, this yields the following bound:
Ein ≤ Cn1/4
(
1
16
)n
. (66)
It remains only to sum up Ein over all subintervals to obtain
En ≤
N−1∑
i=1
Ein = C log2
(
∆t
2
)
n1/4
16n
. (67)

The above theorem shows the exponential convergence rate of adaptive Gaussian quadrature for a specific
choice of density function. It can easily be generalized to an arbitary smooth density function in the following
manner. Suppose that σ(y, t) is time dependent. We then expand the density function as a Taylor series in
time around t = ∆t:
σ(y, τ) = σ0(y) + σ1(y)(∆t− τ) + 1
2
σ2(y)(∆t− τ)2
+ · · ·+ 1
(k − 1)!σk−1(y)(∆t− τ)
k−1 +O((∆t− τ)k).
(68)
Denoting by σ˜k(y, τ) the first k terms in the expansion, we have
S[σ](x,∆t) = S[σ˜k](x,∆t) +O(∆t
k+1/2). (69)
A similar analysis to the estimate (54) in the proof of Theorem 2 leads to a total error of the form:
En,k ≤ C1∆tk+1/2 + C2 log2
(
∆t
2
)
n1/4
16n
+O(). (70)
The first term on the right-hand side is due to the kth order accurate approximation of the density as a
function of time. The second term is due to the error in adaptive Gaussian quadrature, as in (67), and
the last term is due to ignoring the contribution of the last time interval [∆t − 2,∆t] to the single layer
potential.
When the boundaries are curves, the calculation is more complicated, involving time derivatives of a
spatial convolution on a possibly nonstationary domain. Instead of entering into a detailed analysis, we
illustrate the convergence behavior via numerical examples in the next section. Finally, we note that the
double layer potential can be treated in essentially the same manner.
3.4 A hybrid asymptotic/quadrature-based method
In our initial analysis above, we integrated in time over the interval [∆t− 2,∆t] with a truncation error of
the order O(). Let us, however, reconsider the use of the asymptotic approach, not on the entire interval
[0,∆t] but simply on [∆t− δ,∆t]. For small δ, geometrically induced stiffness is no longer an issue and the
cost of evaluation is negligible - requiring only one kernel evaluation for each target point. Thus, for the
single layer potential, we decompose it in the form:
S[σ](x,∆t) =
∫ ∆t
∆t−δ
∫
Γ(τ)
G(x− y,∆t− τ)σ(y, τ)dsydτ
+
∫ ∆t−δ
0
∫
Γ(τ)
G(x− y,∆t− τ)σ(y, τ)dsydτ
:= S(1)[σ, δ](x,∆t) + S
√
δ[σ](x,∆t),
(71)
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where S
√
δ[σ] is defined in (52). For a user-specified tolerance of , we choose δ so that the asymptotic
formula (22) for S(1) is accurate to a tolerance of . (This requires that δ be of the order ∆x2 or smaller
to avoid geometrically induced stiffness.) S
√
δ can then be treated as above with fewer subintervals than
before, since dyadic subdivision is needed only until the smallest interval is of length δ.
3.5 Local quadrature with an exponentially graded mesh
While we have shown that adaptive Gaussian quadrature on dyadic intervals is robust and overcomes the
problem of geometrically induced stiffness, the total number of quadrature nodes in time is still relatively
large. We now seek a method for reducing the cost by designing a “single panel” quadrature rule that
maintains the exponential clustering toward the singularity inherent in the dyadic subdivision process. In
the elliptic setting (for domains with corner singularities), this is discussed in [2, 3, 10]. A simple mapping
with this effect is obtain by setting e−u = t− τ . Under this change of variables, S
√
δ[σ](x,∆t) becomes
S
√
δ[σ](x,∆t) =
1
4pi
∫ − log δ
− log ∆t
∫
Γ(t−e−u)
e−
|x−y|2
4e−u σ(y, t− e−u)dsydu (72)
which is a smooth integral on the interval [− log ∆t,− log δ]. Applying Gauss-Legendre quadrature with n
nodes, we have
S
√
δ[σ](x,∆t) =
1
4pi
n∑
j=1
ωj
∫
Γ(∆t−e−uj )
e
− |x−y|2
4e
−uj σ(y,∆t− e−uj )dsy + eS(δ,∆t, n) (73)
where {uj}nj=1 and {ωj}nj=1 are Legendre nodes and weights scaled to [− log ∆t,− log δ]. Here, eS(δ,∆t, n)
denotes the truncation error.
The double layer potential can be treated in a similar manner. With the same change of variables as
above, namely e−u = t− τ , we obtain
D
√
δ[µ](x,∆t) =
1
8pi
∫ − log δ
− log ∆t
∫
Γ(t−e−u)
e−
|x−y|2
4e−u µ(y, t− e−u) (x− y) · ny
e−u
dsydu. (74)
Applying Gauss-Legendre quadrature with n nodes yields
D
√
δ[µ](x,∆t) =
1
8pi
N∑
j=1
ωj
∫
Γ(t−e−uj )
e
− |x−y|2
4e
−uj µ(y, t− e−uj ) (x− y) · ny
e−uj
dsy + eD(δ,∆t, n). (75)
Here, eD(δ,∆t, n) denotes the truncation error for the double layer potential.
To analyze the error for a single Gauss-Legendre panel with an exponentially graded mesh, let us consider
as a model problem the calculation of
I(δ,∆t) =
∫ ∆t
δ
1√
t
dt. (76)
This has the same near singularity at t = 0 as S
√
δ or D
√
δ above. If we carry out dyadic decomposition, as
in (53), and apply an n-point Gauss-Legendre rule on each dyadic interval, we get the error bound:
en(δ,∆t) ≤ C ·
√
∆t−√δ√
n · 16n . (77)
Note that in this case the total number of dyadic intervals is log2(
∆t
δ ). With n quadrature nodes on each, it
leads to N = n log2(
∆t
δ ) nodes in total.
If we use instead the exponential change of variables, the standard error estimate for Gauss-Legendre
quadrature leads to:
I(δ,∆t) =
n∑
j=1
ωj · e−τj/2 + en(δ,∆t), (78)
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where
en(δ,∆t) ≤ C ·
√
∆t
n
(
e · log(∆t/δ)
16 · n
)2n
. (79)
Both (77) and (79) suggest superalgebraic convergence in n and low order accuracy in ∆t. This works very
well in practice: the total error in the evaluation of a layer potential over a single time step is governed by
the order of accuracy with which the density is approximated and the precision of the local rule determined
by the parameter n in (79), as in (70) above.
For a concrete example, let us assume ∆t = 10−2 and that the desired tolerance is  = 10−9. We
set δ = . In this case we have log2(
∆t
δ ) ≈ 23. Adaptive Gaussian quadrature requires n = 9 on each
dyadic interval, meaning that the total number of quadrature nodes is n log2(
∆t
δ ) = 207, while the change of
variables requires only n = 12. Rather than go through a detailed analysis of the full single and double layer
potentials, numerical examples in the next section show that the graded mesh performs as well as dyadic
refinement with many fewer nodes, and that the errors eS(δ,∆t, n) and eD(δ,∆t, n) decay superalgebraically
with n.
4 Numerical examples
For our first example, we consider as a boundary the parabola given by:{
y1(λ, t) = λ,
y2(λ, t) = aλ
2,
(−2pi ≤ λ ≤ 2pi) (80)
so that 2a is the curvature at the origin x0 = (0, 0). We compute the single layer potential S[σ](x0,∆t)
with a constant density σ(y, t) ≡ 1. We carry out the experiment for a = 2 and a = 20, and use as the time
quadrature three different methods: 1) the asymptotic formula, 2) Gauss-Jacobi quadrature with four, eight,
and sixteen nodes, 3) our hybrid scheme with four, eight, and sixteen nodes. (We choose a small enough δ
to give 13 digits of accuracy in the asymptotic regime.) All spatial integrals are computed in this section to
high precision, so that the errors in the examples come only from the time quadrature. In Fig. 1, quadrature
errors are plotted for a wide range of ∆t.
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GJ8
<latexit sha1_base64="GbojQaLYWA5vKzWLUPfZQetq90w=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEsN6KHhRPFY0ttKFsttt26WYTdidCCf0JXjyoePUfefPfuG1z0OqDgcd7M8zMCxMpDLrul1NYWl5ZXSuulzY2t7Z3y rt7DyZONeM+i2WsWyE1XArFfRQoeSvRnEah5M1wdDn1m49cGxGrexwnPIjoQIm+YBStdHd1U+uWK27VnYH8JV5OKpCj0S1/dnoxSyOukElqTNtzEwwyqlEwySelTmp4QtmIDnjbUkUjboJsduqEHFmlR/qxtqWQzNSfExmNjBlHoe2MKA7NojcV//PaKfZrQSZUkiJXbL6on0qCMZn+TXpCc4ZybAllWthbCRtSTRnadEo2BG/x5b/EP6meV73b00r9Ik+jCAdwCMfgwRnU4Roa4AODATzBC7w60nl23pz3eWvByWf24Recj28ZwY01</latexit><latexit sha1_base64="GbojQaLYWA5vKzWLUPfZQetq90w=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEsN6KHhRPFY0ttKFsttt26WYTdidCCf0JXjyoePUfefPfuG1z0OqDgcd7M8zMCxMpDLrul1NYWl5ZXSuulzY2t7Z3y rt7DyZONeM+i2WsWyE1XArFfRQoeSvRnEah5M1wdDn1m49cGxGrexwnPIjoQIm+YBStdHd1U+uWK27VnYH8JV5OKpCj0S1/dnoxSyOukElqTNtzEwwyqlEwySelTmp4QtmIDnjbUkUjboJsduqEHFmlR/qxtqWQzNSfExmNjBlHoe2MKA7NojcV//PaKfZrQSZUkiJXbL6on0qCMZn+TXpCc4ZybAllWthbCRtSTRnadEo2BG/x5b/EP6meV73b00r9Ik+jCAdwCMfgwRnU4Roa4AODATzBC7w60nl23pz3eWvByWf24Recj28ZwY01</latexit><latexit sha1_base64="GbojQaLYWA5vKzWLUPfZQetq90w=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEsN6KHhRPFY0ttKFsttt26WYTdidCCf0JXjyoePUfefPfuG1z0OqDgcd7M8zMCxMpDLrul1NYWl5ZXSuulzY2t7Z3y rt7DyZONeM+i2WsWyE1XArFfRQoeSvRnEah5M1wdDn1m49cGxGrexwnPIjoQIm+YBStdHd1U+uWK27VnYH8JV5OKpCj0S1/dnoxSyOukElqTNtzEwwyqlEwySelTmp4QtmIDnjbUkUjboJsduqEHFmlR/qxtqWQzNSfExmNjBlHoe2MKA7NojcV//PaKfZrQSZUkiJXbL6on0qCMZn+TXpCc4ZybAllWthbCRtSTRnadEo2BG/x5b/EP6meV73b00r9Ik+jCAdwCMfgwRnU4Roa4AODATzBC7w60nl23pz3eWvByWf24Recj28ZwY01</latexit><latexit sha1_base64="GbojQaLYWA5vKzWLUPfZQetq90w=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEsN6KHhRPFY0ttKFsttt26WYTdidCCf0JXjyoePUfefPfuG1z0OqDgcd7M8zMCxMpDLrul1NYWl5ZXSuulzY2t7Z3y rt7DyZONeM+i2WsWyE1XArFfRQoeSvRnEah5M1wdDn1m49cGxGrexwnPIjoQIm+YBStdHd1U+uWK27VnYH8JV5OKpCj0S1/dnoxSyOukElqTNtzEwwyqlEwySelTmp4QtmIDnjbUkUjboJsduqEHFmlR/qxtqWQzNSfExmNjBlHoe2MKA7NojcV//PaKfZrQSZUkiJXbL6on0qCMZn+TXpCc4ZybAllWthbCRtSTRnadEo2BG/x5b/EP6meV73b00r9Ik+jCAdwCMfgwRnU4Roa4AODATzBC7w60nl23pz3eWvByWf24Recj28ZwY01</latexit>
GJ16
<latexit sha1_base64="1UGrIJOdsc5j9eocf/rp/VCHn2I=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE/LgVPSieKhhbaEPZbDft0t1N2N0IJfQvePGg4tVf5M1/46bNQVsfDDzem2FmXphwpo3rfjulpeWV1bXyemVjc2t7p7q796j jVBHqk5jHqh1iTTmT1DfMcNpOFMUi5LQVjq5zv/VElWaxfDDjhAYCDySLGMEml27uvLNetebW3SnQIvEKUoMCzV71q9uPSSqoNIRjrTuem5ggw8owwumk0k01TTAZ4QHtWCqxoDrIprdO0JFV+iiKlS1p0FT9PZFhofVYhLZTYDPU814u/ud1UhNdBBmTSWqoJLNFUcqRiVH+OOozRYnhY0swUczeisgQK0yMjadiQ/DmX14k/kn9su7dn9YaV0UaZTiAQzgGD86hAbfQBB8IDOEZXuHNEc6L8+58zFpLTjGzD3/gfP4AhneNbg==</latexit><latexit sha1_base64="1UGrIJOdsc5j9eocf/rp/VCHn2I=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE/LgVPSieKhhbaEPZbDft0t1N2N0IJfQvePGg4tVf5M1/46bNQVsfDDzem2FmXphwpo3rfjulpeWV1bXyemVjc2t7p7q796j jVBHqk5jHqh1iTTmT1DfMcNpOFMUi5LQVjq5zv/VElWaxfDDjhAYCDySLGMEml27uvLNetebW3SnQIvEKUoMCzV71q9uPSSqoNIRjrTuem5ggw8owwumk0k01TTAZ4QHtWCqxoDrIprdO0JFV+iiKlS1p0FT9PZFhofVYhLZTYDPU814u/ud1UhNdBBmTSWqoJLNFUcqRiVH+OOozRYnhY0swUczeisgQK0yMjadiQ/DmX14k/kn9su7dn9YaV0UaZTiAQzgGD86hAbfQBB8IDOEZXuHNEc6L8+58zFpLTjGzD3/gfP4AhneNbg==</latexit><latexit sha1_base64="1UGrIJOdsc5j9eocf/rp/VCHn2I=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE/LgVPSieKhhbaEPZbDft0t1N2N0IJfQvePGg4tVf5M1/46bNQVsfDDzem2FmXphwpo3rfjulpeWV1bXyemVjc2t7p7q796j jVBHqk5jHqh1iTTmT1DfMcNpOFMUi5LQVjq5zv/VElWaxfDDjhAYCDySLGMEml27uvLNetebW3SnQIvEKUoMCzV71q9uPSSqoNIRjrTuem5ggw8owwumk0k01TTAZ4QHtWCqxoDrIprdO0JFV+iiKlS1p0FT9PZFhofVYhLZTYDPU814u/ud1UhNdBBmTSWqoJLNFUcqRiVH+OOozRYnhY0swUczeisgQK0yMjadiQ/DmX14k/kn9su7dn9YaV0UaZTiAQzgGD86hAbfQBB8IDOEZXuHNEc6L8+58zFpLTjGzD3/gfP4AhneNbg==</latexit><latexit sha1_base64="1UGrIJOdsc5j9eocf/rp/VCHn2I=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE/LgVPSieKhhbaEPZbDft0t1N2N0IJfQvePGg4tVf5M1/46bNQVsfDDzem2FmXphwpo3rfjulpeWV1bXyemVjc2t7p7q796j jVBHqk5jHqh1iTTmT1DfMcNpOFMUi5LQVjq5zv/VElWaxfDDjhAYCDySLGMEml27uvLNetebW3SnQIvEKUoMCzV71q9uPSSqoNIRjrTuem5ggw8owwumk0k01TTAZ4QHtWCqxoDrIprdO0JFV+iiKlS1p0FT9PZFhofVYhLZTYDPU814u/ud1UhNdBBmTSWqoJLNFUcqRiVH+OOozRYnhY0swUczeisgQK0yMjadiQ/DmX14k/kn9su7dn9YaV0UaZTiAQzgGD86hAbfQBB8IDOEZXuHNEc6L8+58zFpLTjGzD3/gfP4AhneNbg==</latexit>
4 point
<latexit sha1_base64="c0S6yxkwmdjiuSgK3gc2eYqiB+g=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUG9FLx4rGFtoQ9lsN+3SzSbuToQS+ie8eFDx6u/x5r9x2+ agrQ8GHu/NMDMvTKUw6LrfTmlldW19o7xZ2dre2d2r7h88mCTTjPsskYluh9RwKRT3UaDk7VRzGoeSt8LRzdRvPXFtRKLucZzyIKYDJSLBKFqpfd4laSIU9qo1t+7OQJaJV5AaFGj2ql/dfsKymCtkkhrT8dwUg5xqFEzySaWbGZ5SNqID3rFU0ZibIJ/dOyEnVumTKNG2FJKZ+nsip7Ex4zi0nTHFoVn0puJ/XifD6DLIhUoz5IrNF0WZJJiQ6fOkLzRnKMeWUK aFvZWwIdWUoY2oYkPwFl9eJv5Z/aru3Z3XGtdFGmU4gmM4BQ8uoAG30AQfGEh4hld4cx6dF+fd+Zi3lpxi5hD+wPn8Afnhj3g=</latexit><latexit sha1_base64="c0S6yxkwmdjiuSgK3gc2eYqiB+g=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUG9FLx4rGFtoQ9lsN+3SzSbuToQS+ie8eFDx6u/x5r9x2+ agrQ8GHu/NMDMvTKUw6LrfTmlldW19o7xZ2dre2d2r7h88mCTTjPsskYluh9RwKRT3UaDk7VRzGoeSt8LRzdRvPXFtRKLucZzyIKYDJSLBKFqpfd4laSIU9qo1t+7OQJaJV5AaFGj2ql/dfsKymCtkkhrT8dwUg5xqFEzySaWbGZ5SNqID3rFU0ZibIJ/dOyEnVumTKNG2FJKZ+nsip7Ex4zi0nTHFoVn0puJ/XifD6DLIhUoz5IrNF0WZJJiQ6fOkLzRnKMeWUK aFvZWwIdWUoY2oYkPwFl9eJv5Z/aru3Z3XGtdFGmU4gmM4BQ8uoAG30AQfGEh4hld4cx6dF+fd+Zi3lpxi5hD+wPn8Afnhj3g=</latexit><latexit sha1_base64="c0S6yxkwmdjiuSgK3gc2eYqiB+g=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUG9FLx4rGFtoQ9lsN+3SzSbuToQS+ie8eFDx6u/x5r9x2+ agrQ8GHu/NMDMvTKUw6LrfTmlldW19o7xZ2dre2d2r7h88mCTTjPsskYluh9RwKRT3UaDk7VRzGoeSt8LRzdRvPXFtRKLucZzyIKYDJSLBKFqpfd4laSIU9qo1t+7OQJaJV5AaFGj2ql/dfsKymCtkkhrT8dwUg5xqFEzySaWbGZ5SNqID3rFU0ZibIJ/dOyEnVumTKNG2FJKZ+nsip7Ex4zi0nTHFoVn0puJ/XifD6DLIhUoz5IrNF0WZJJiQ6fOkLzRnKMeWUK aFvZWwIdWUoY2oYkPwFl9eJv5Z/aru3Z3XGtdFGmU4gmM4BQ8uoAG30AQfGEh4hld4cx6dF+fd+Zi3lpxi5hD+wPn8Afnhj3g=</latexit><latexit sha1_base64="c0S6yxkwmdjiuSgK3gc2eYqiB+g=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUG9FLx4rGFtoQ9lsN+3SzSbuToQS+ie8eFDx6u/x5r9x2+ agrQ8GHu/NMDMvTKUw6LrfTmlldW19o7xZ2dre2d2r7h88mCTTjPsskYluh9RwKRT3UaDk7VRzGoeSt8LRzdRvPXFtRKLucZzyIKYDJSLBKFqpfd4laSIU9qo1t+7OQJaJV5AaFGj2ql/dfsKymCtkkhrT8dwUg5xqFEzySaWbGZ5SNqID3rFU0ZibIJ/dOyEnVumTKNG2FJKZ+nsip7Ex4zi0nTHFoVn0puJ/XifD6DLIhUoz5IrNF0WZJJiQ6fOkLzRnKMeWUK aFvZWwIdWUoY2oYkPwFl9eJv5Z/aru3Z3XGtdFGmU4gmM4BQ8uoAG30AQfGEh4hld4cx6dF+fd+Zi3lpxi5hD+wPn8Afnhj3g=</latexit>
8 point
<latexit sha1_base64="A88JPyyHbtZpUvCKdK2sVy7903I=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEsN6KXjxWMFpoQ9lsN+3SzSbuToQS+ie8eFDx6u/x5r9x 2+agrQ8GHu/NMDMvTKUw6LrfTmlldW19o7xZ2dre2d2r7h/cmyTTjPsskYluh9RwKRT3UaDk7VRzGoeSP4Sj66n/8MS1EYm6w3HKg5gOlIgEo2ildqNL0kQo7FVrbt2dgSwTryA1KNDqVb+6/YRlMVfIJDWm47kpBjnVKJjkk0o3MzylbEQHvGOpojE3QT67d0JOrNInUaJtKSQz9fdETmNjxnFoO2OKQ7PoTcX/vE6GUSPIhUoz5IrNF0WZJJiQ6fOkLz RnKMeWUKaFvZWwIdWUoY2oYkPwFl9eJv5Z/bLu3Z7XmldFGmU4gmM4BQ8uoAk30AIfGEh4hld4cx6dF+fd+Zi3lpxi5hD+wPn8AQAYj3w=</latexit><latexit sha1_base64="A88JPyyHbtZpUvCKdK2sVy7903I=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEsN6KXjxWMFpoQ9lsN+3SzSbuToQS+ie8eFDx6u/x5r9x 2+agrQ8GHu/NMDMvTKUw6LrfTmlldW19o7xZ2dre2d2r7h/cmyTTjPsskYluh9RwKRT3UaDk7VRzGoeSP4Sj66n/8MS1EYm6w3HKg5gOlIgEo2ildqNL0kQo7FVrbt2dgSwTryA1KNDqVb+6/YRlMVfIJDWm47kpBjnVKJjkk0o3MzylbEQHvGOpojE3QT67d0JOrNInUaJtKSQz9fdETmNjxnFoO2OKQ7PoTcX/vE6GUSPIhUoz5IrNF0WZJJiQ6fOkLz RnKMeWUKaFvZWwIdWUoY2oYkPwFl9eJv5Z/bLu3Z7XmldFGmU4gmM4BQ8uoAk30AIfGEh4hld4cx6dF+fd+Zi3lpxi5hD+wPn8AQAYj3w=</latexit><latexit sha1_base64="A88JPyyHbtZpUvCKdK2sVy7903I=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEsN6KXjxWMFpoQ9lsN+3SzSbuToQS+ie8eFDx6u/x5r9x 2+agrQ8GHu/NMDMvTKUw6LrfTmlldW19o7xZ2dre2d2r7h/cmyTTjPsskYluh9RwKRT3UaDk7VRzGoeSP4Sj66n/8MS1EYm6w3HKg5gOlIgEo2ildqNL0kQo7FVrbt2dgSwTryA1KNDqVb+6/YRlMVfIJDWm47kpBjnVKJjkk0o3MzylbEQHvGOpojE3QT67d0JOrNInUaJtKSQz9fdETmNjxnFoO2OKQ7PoTcX/vE6GUSPIhUoz5IrNF0WZJJiQ6fOkLz RnKMeWUKaFvZWwIdWUoY2oYkPwFl9eJv5Z/bLu3Z7XmldFGmU4gmM4BQ8uoAk30AIfGEh4hld4cx6dF+fd+Zi3lpxi5hD+wPn8AQAYj3w=</latexit><latexit sha1_base64="A88JPyyHbtZpUvCKdK2sVy7903I=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEsN6KXjxWMFpoQ9lsN+3SzSbuToQS+ie8eFDx6u/x5r9x 2+agrQ8GHu/NMDMvTKUw6LrfTmlldW19o7xZ2dre2d2r7h/cmyTTjPsskYluh9RwKRT3UaDk7VRzGoeSP4Sj66n/8MS1EYm6w3HKg5gOlIgEo2ildqNL0kQo7FVrbt2dgSwTryA1KNDqVb+6/YRlMVfIJDWm47kpBjnVKJjkk0o3MzylbEQHvGOpojE3QT67d0JOrNInUaJtKSQz9fdETmNjxnFoO2OKQ7PoTcX/vE6GUSPIhUoz5IrNF0WZJJiQ6fOkLz RnKMeWUKaFvZWwIdWUoY2oYkPwFl9eJv5Z/bLu3Z7XmldFGmU4gmM4BQ8uoAk30AIfGEh4hld4cx6dF+fd+Zi3lpxi5hD+wPn8AQAYj3w=</latexit>
16 point
<latexit sha1_base64="oCP9M0BorXRrKJA616ooAxwodFY=">AAAB73icbVDLSgNBEJyNrxhfUY9eBoPgKeyK+LgFvXiM4JpIsoTZyWwyZB7LTK8QlnyFFw8qXv0db/6Nk2 QPGi1oKKq66e6KU8Et+P6XV1paXlldK69XNja3tnequ3v3VmeGspBqoU07JpYJrlgIHARrp4YRGQvWikfXU7/1yIzlWt3BOGWRJAPFE04JOOkhOOviVHMFvWrNr/sz4L8kKEgNFWj2qp/dvqaZZAqoINZ2Aj+FKCcGOBVsUulmlqWEjsiAdRxVRDIb5bODJ/jIKX2caONKAZ6pPydyIq0dy9h1SgJDu+hNxf+8TgbJRZRzlWbAFJ0vSjKBQePp97jPDaMgxo4Qa ri7FdMhMYSCy6jiQggWX/5LwpP6ZT24Pa01roo0yugAHaJjFKBz1EA3qIlCRJFET+gFvXrGe/bevPd5a8krZvbRL3gf322Qj7U=</latexit><latexit sha1_base64="oCP9M0BorXRrKJA616ooAxwodFY=">AAAB73icbVDLSgNBEJyNrxhfUY9eBoPgKeyK+LgFvXiM4JpIsoTZyWwyZB7LTK8QlnyFFw8qXv0db/6Nk2 QPGi1oKKq66e6KU8Et+P6XV1paXlldK69XNja3tnequ3v3VmeGspBqoU07JpYJrlgIHARrp4YRGQvWikfXU7/1yIzlWt3BOGWRJAPFE04JOOkhOOviVHMFvWrNr/sz4L8kKEgNFWj2qp/dvqaZZAqoINZ2Aj+FKCcGOBVsUulmlqWEjsiAdRxVRDIb5bODJ/jIKX2caONKAZ6pPydyIq0dy9h1SgJDu+hNxf+8TgbJRZRzlWbAFJ0vSjKBQePp97jPDaMgxo4Qa ri7FdMhMYSCy6jiQggWX/5LwpP6ZT24Pa01roo0yugAHaJjFKBz1EA3qIlCRJFET+gFvXrGe/bevPd5a8krZvbRL3gf322Qj7U=</latexit><latexit sha1_base64="oCP9M0BorXRrKJA616ooAxwodFY=">AAAB73icbVDLSgNBEJyNrxhfUY9eBoPgKeyK+LgFvXiM4JpIsoTZyWwyZB7LTK8QlnyFFw8qXv0db/6Nk2 QPGi1oKKq66e6KU8Et+P6XV1paXlldK69XNja3tnequ3v3VmeGspBqoU07JpYJrlgIHARrp4YRGQvWikfXU7/1yIzlWt3BOGWRJAPFE04JOOkhOOviVHMFvWrNr/sz4L8kKEgNFWj2qp/dvqaZZAqoINZ2Aj+FKCcGOBVsUulmlqWEjsiAdRxVRDIb5bODJ/jIKX2caONKAZ6pPydyIq0dy9h1SgJDu+hNxf+8TgbJRZRzlWbAFJ0vSjKBQePp97jPDaMgxo4Qa ri7FdMhMYSCy6jiQggWX/5LwpP6ZT24Pa01roo0yugAHaJjFKBz1EA3qIlCRJFET+gFvXrGe/bevPd5a8krZvbRL3gf322Qj7U=</latexit><latexit sha1_base64="oCP9M0BorXRrKJA616ooAxwodFY=">AAAB73icbVDLSgNBEJyNrxhfUY9eBoPgKeyK+LgFvXiM4JpIsoTZyWwyZB7LTK8QlnyFFw8qXv0db/6Nk2 QPGi1oKKq66e6KU8Et+P6XV1paXlldK69XNja3tnequ3v3VmeGspBqoU07JpYJrlgIHARrp4YRGQvWikfXU7/1yIzlWt3BOGWRJAPFE04JOOkhOOviVHMFvWrNr/sz4L8kKEgNFWj2qp/dvqaZZAqoINZ2Aj+FKCcGOBVsUulmlqWEjsiAdRxVRDIb5bODJ/jIKX2caONKAZ6pPydyIq0dy9h1SgJDu+hNxf+8TgbJRZRzlWbAFJ0vSjKBQePp97jPDaMgxo4Qa ri7FdMhMYSCy6jiQggWX/5LwpP6ZT24Pa01roo0yugAHaJjFKBz1EA3qIlCRJFET+gFvXrGe/bevPd5a8krZvbRL3gf322Qj7U=</latexit>
a = 20
<latexit sha1_base64="CuxhslqbBK2MYChQ5QQvpHpzzU4=">AAAB7HicbVBNSwMxEJ2tX7V +VT16CRbBU9ktQvUgFL14rOC2hXYp2TTbxmaTJckKZel/8OJBxas/yJv/xrTdg7Y+GHi8N8PMvDDhTBvX/XYKa+sbm1vF7dLO7t7+QfnwqKVlqgj1ieRSdUKsKWeC+oYZTjuJojgOOW2H49uZ336iS jMpHswkoUGMh4JFjGBjpRZG16jm9ssVt+rOgVaJl5MK5Gj2y1+9gSRpTIUhHGvd9dzEBBlWhhFOp6VeqmmCyRgPaddSgWOqg2x+7RSdWWWAIqlsCYPm6u+JDMdaT+LQdsbYjPSyNxP/87qpiS6DjIk kNVSQxaIo5chINHsdDZiixPCJJZgoZm9FZIQVJsYGVLIheMsvrxK/Vr2qevcXlcZNnkYRTuAUzsGDOjTgDprgA4FHeIZXeHOk8+K8Ox+L1oKTzxzDHzifPz8mjco=</latexit><latexit sha1_base64="CuxhslqbBK2MYChQ5QQvpHpzzU4=">AAAB7HicbVBNSwMxEJ2tX7V +VT16CRbBU9ktQvUgFL14rOC2hXYp2TTbxmaTJckKZel/8OJBxas/yJv/xrTdg7Y+GHi8N8PMvDDhTBvX/XYKa+sbm1vF7dLO7t7+QfnwqKVlqgj1ieRSdUKsKWeC+oYZTjuJojgOOW2H49uZ336iS jMpHswkoUGMh4JFjGBjpRZG16jm9ssVt+rOgVaJl5MK5Gj2y1+9gSRpTIUhHGvd9dzEBBlWhhFOp6VeqmmCyRgPaddSgWOqg2x+7RSdWWWAIqlsCYPm6u+JDMdaT+LQdsbYjPSyNxP/87qpiS6DjIk kNVSQxaIo5chINHsdDZiixPCJJZgoZm9FZIQVJsYGVLIheMsvrxK/Vr2qevcXlcZNnkYRTuAUzsGDOjTgDprgA4FHeIZXeHOk8+K8Ox+L1oKTzxzDHzifPz8mjco=</latexit><latexit sha1_base64="CuxhslqbBK2MYChQ5QQvpHpzzU4=">AAAB7HicbVBNSwMxEJ2tX7V +VT16CRbBU9ktQvUgFL14rOC2hXYp2TTbxmaTJckKZel/8OJBxas/yJv/xrTdg7Y+GHi8N8PMvDDhTBvX/XYKa+sbm1vF7dLO7t7+QfnwqKVlqgj1ieRSdUKsKWeC+oYZTjuJojgOOW2H49uZ336iS jMpHswkoUGMh4JFjGBjpRZG16jm9ssVt+rOgVaJl5MK5Gj2y1+9gSRpTIUhHGvd9dzEBBlWhhFOp6VeqmmCyRgPaddSgWOqg2x+7RSdWWWAIqlsCYPm6u+JDMdaT+LQdsbYjPSyNxP/87qpiS6DjIk kNVSQxaIo5chINHsdDZiixPCJJZgoZm9FZIQVJsYGVLIheMsvrxK/Vr2qevcXlcZNnkYRTuAUzsGDOjTgDprgA4FHeIZXeHOk8+K8Ox+L1oKTzxzDHzifPz8mjco=</latexit><latexit sha1_base64="CuxhslqbBK2MYChQ5QQvpHpzzU4=">AAAB7HicbVBNSwMxEJ2tX7V +VT16CRbBU9ktQvUgFL14rOC2hXYp2TTbxmaTJckKZel/8OJBxas/yJv/xrTdg7Y+GHi8N8PMvDDhTBvX/XYKa+sbm1vF7dLO7t7+QfnwqKVlqgj1ieRSdUKsKWeC+oYZTjuJojgOOW2H49uZ336iS jMpHswkoUGMh4JFjGBjpRZG16jm9ssVt+rOgVaJl5MK5Gj2y1+9gSRpTIUhHGvd9dzEBBlWhhFOp6VeqmmCyRgPaddSgWOqg2x+7RSdWWWAIqlsCYPm6u+JDMdaT+LQdsbYjPSyNxP/87qpiS6DjIk kNVSQxaIo5chINHsdDZiixPCJJZgoZm9FZIQVJsYGVLIheMsvrxK/Vr2qevcXlcZNnkYRTuAUzsGDOjTgDprgA4FHeIZXeHOk8+K8Ox+L1oKTzxzDHzifPz8mjco=</latexit>
a = 2
<latexit sha1_base64="0euZrNVaP7CNC2juN3XAdsGFElk=">AAAB63icbVBNS8N AEJ34WetX1aOXxSJ4KkkR1INQ9OKxgrGFNpTNdtIu3WzC7kYoob/BiwcVr/4hb/4bt20O2vpg4PHeDDPzwlRwbVz321lZXVvf2Cxtlbd3dvf2KweHjzrJFEOfJSJR7ZBqFFyib 7gR2E4V0jgU2ApHt1O/9YRK80Q+mHGKQUwHkkecUWMln5JrUu9Vqm7NnYEsE68gVSjQ7FW+uv2EZTFKwwTVuuO5qQlyqgxnAiflbqYxpWxEB9ixVNIYdZDPjp2QU6v0SZQoW9 KQmfp7Iqex1uM4tJ0xNUO96E3F/7xOZqLLIOcyzQxKNl8UZYKYhEw/J32ukBkxtoQyxe2thA2poszYfMo2BG/x5WXi12tXNe/+vNq4KdIowTGcwBl4cAENuIMm+MCAwzO8wps jnRfn3fmYt644xcwR/IHz+QPQjI2Q</latexit><latexit sha1_base64="0euZrNVaP7CNC2juN3XAdsGFElk=">AAAB63icbVBNS8N AEJ34WetX1aOXxSJ4KkkR1INQ9OKxgrGFNpTNdtIu3WzC7kYoob/BiwcVr/4hb/4bt20O2vpg4PHeDDPzwlRwbVz321lZXVvf2Cxtlbd3dvf2KweHjzrJFEOfJSJR7ZBqFFyib 7gR2E4V0jgU2ApHt1O/9YRK80Q+mHGKQUwHkkecUWMln5JrUu9Vqm7NnYEsE68gVSjQ7FW+uv2EZTFKwwTVuuO5qQlyqgxnAiflbqYxpWxEB9ixVNIYdZDPjp2QU6v0SZQoW9 KQmfp7Iqex1uM4tJ0xNUO96E3F/7xOZqLLIOcyzQxKNl8UZYKYhEw/J32ukBkxtoQyxe2thA2poszYfMo2BG/x5WXi12tXNe/+vNq4KdIowTGcwBl4cAENuIMm+MCAwzO8wps jnRfn3fmYt644xcwR/IHz+QPQjI2Q</latexit><latexit sha1_base64="0euZrNVaP7CNC2juN3XAdsGFElk=">AAAB63icbVBNS8N AEJ34WetX1aOXxSJ4KkkR1INQ9OKxgrGFNpTNdtIu3WzC7kYoob/BiwcVr/4hb/4bt20O2vpg4PHeDDPzwlRwbVz321lZXVvf2Cxtlbd3dvf2KweHjzrJFEOfJSJR7ZBqFFyib 7gR2E4V0jgU2ApHt1O/9YRK80Q+mHGKQUwHkkecUWMln5JrUu9Vqm7NnYEsE68gVSjQ7FW+uv2EZTFKwwTVuuO5qQlyqgxnAiflbqYxpWxEB9ixVNIYdZDPjp2QU6v0SZQoW9 KQmfp7Iqex1uM4tJ0xNUO96E3F/7xOZqLLIOcyzQxKNl8UZYKYhEw/J32ukBkxtoQyxe2thA2poszYfMo2BG/x5WXi12tXNe/+vNq4KdIowTGcwBl4cAENuIMm+MCAwzO8wps jnRfn3fmYt644xcwR/IHz+QPQjI2Q</latexit><latexit sha1_base64="0euZrNVaP7CNC2juN3XAdsGFElk=">AAAB63icbVBNS8N AEJ34WetX1aOXxSJ4KkkR1INQ9OKxgrGFNpTNdtIu3WzC7kYoob/BiwcVr/4hb/4bt20O2vpg4PHeDDPzwlRwbVz321lZXVvf2Cxtlbd3dvf2KweHjzrJFEOfJSJR7ZBqFFyib 7gR2E4V0jgU2ApHt1O/9YRK80Q+mHGKQUwHkkecUWMln5JrUu9Vqm7NnYEsE68gVSjQ7FW+uv2EZTFKwwTVuuO5qQlyqgxnAiflbqYxpWxEB9ixVNIYdZDPjp2QU6v0SZQoW9 KQmfp7Iqex1uM4tJ0xNUO96E3F/7xOZqLLIOcyzQxKNl8UZYKYhEw/J32ukBkxtoQyxe2thA2poszYfMo2BG/x5WXi12tXNe/+vNq4KdIowTGcwBl4cAENuIMm+MCAwzO8wps jnRfn3fmYt644xcwR/IHz+QPQjI2Q</latexit>
Error using asymptotic method
<latexit sha1_base64="yV1CRrD7g zXxxnKHONOREwZ9RQw=">AAACDnicbVC7SgNBFJ31GeMramkzGBSrsCuC2gVFs IxgTCAbwuxkNhkyj2XmrhCW/IGNv2JjoWJrbeffOEm20MQDA4dz7r1z74kSwS 34/re3sLi0vLJaWCuub2xubZd2du+tTg1ldaqFNs2IWCa4YnXgIFgzMYzISLB GNLga+40HZizX6g6GCWtL0lM85pSAkzqloyw0El8bo02IU8tVL8TEDmUCGjgNs WTQ191Rp1T2K/4EeJ4EOSmjHLVO6SvsappKpoAKYm0r8BNoZ8S4qYKNimFqWU LogPRYy1FFJLPtbHLPCB86pYtjbdxTgCfq746MSOt2jFylJNC3s95Y/M9rpRC ftzOukhSYotOP4lRg0HgcDu5ywyiIoSOEGu52xbRPDKHgIiy6EILZk+dJ/aRyU QluT8vVyzyNAtpHB+gYBegMVdENqqE6ougRPaNX9OY9eS/eu/cxLV3w8p499A fe5w/VmZzA</latexit><latexit sha1_base64="yV1CRrD7g zXxxnKHONOREwZ9RQw=">AAACDnicbVC7SgNBFJ31GeMramkzGBSrsCuC2gVFs IxgTCAbwuxkNhkyj2XmrhCW/IGNv2JjoWJrbeffOEm20MQDA4dz7r1z74kSwS 34/re3sLi0vLJaWCuub2xubZd2du+tTg1ldaqFNs2IWCa4YnXgIFgzMYzISLB GNLga+40HZizX6g6GCWtL0lM85pSAkzqloyw0El8bo02IU8tVL8TEDmUCGjgNs WTQ191Rp1T2K/4EeJ4EOSmjHLVO6SvsappKpoAKYm0r8BNoZ8S4qYKNimFqWU LogPRYy1FFJLPtbHLPCB86pYtjbdxTgCfq746MSOt2jFylJNC3s95Y/M9rpRC ftzOukhSYotOP4lRg0HgcDu5ywyiIoSOEGu52xbRPDKHgIiy6EILZk+dJ/aRyU QluT8vVyzyNAtpHB+gYBegMVdENqqE6ougRPaNX9OY9eS/eu/cxLV3w8p499A fe5w/VmZzA</latexit><latexit sha1_base64="yV1CRrD7g zXxxnKHONOREwZ9RQw=">AAACDnicbVC7SgNBFJ31GeMramkzGBSrsCuC2gVFs IxgTCAbwuxkNhkyj2XmrhCW/IGNv2JjoWJrbeffOEm20MQDA4dz7r1z74kSwS 34/re3sLi0vLJaWCuub2xubZd2du+tTg1ldaqFNs2IWCa4YnXgIFgzMYzISLB GNLga+40HZizX6g6GCWtL0lM85pSAkzqloyw0El8bo02IU8tVL8TEDmUCGjgNs WTQ191Rp1T2K/4EeJ4EOSmjHLVO6SvsappKpoAKYm0r8BNoZ8S4qYKNimFqWU LogPRYy1FFJLPtbHLPCB86pYtjbdxTgCfq746MSOt2jFylJNC3s95Y/M9rpRC ftzOukhSYotOP4lRg0HgcDu5ywyiIoSOEGu52xbRPDKHgIiy6EILZk+dJ/aRyU QluT8vVyzyNAtpHB+gYBegMVdENqqE6ougRPaNX9OY9eS/eu/cxLV3w8p499A fe5w/VmZzA</latexit><latexit sha1_base64="yV1CRrD7g zXxxnKHONOREwZ9RQw=">AAACDnicbVC7SgNBFJ31GeMramkzGBSrsCuC2gVFs IxgTCAbwuxkNhkyj2XmrhCW/IGNv2JjoWJrbeffOEm20MQDA4dz7r1z74kSwS 34/re3sLi0vLJaWCuub2xubZd2du+tTg1ldaqFNs2IWCa4YnXgIFgzMYzISLB GNLga+40HZizX6g6GCWtL0lM85pSAkzqloyw0El8bo02IU8tVL8TEDmUCGjgNs WTQ191Rp1T2K/4EeJ4EOSmjHLVO6SvsappKpoAKYm0r8BNoZ8S4qYKNimFqWU LogPRYy1FFJLPtbHLPCB86pYtjbdxTgCfq746MSOt2jFylJNC3s95Y/M9rpRC ftzOukhSYotOP4lRg0HgcDu5ywyiIoSOEGu52xbRPDKHgIiy6EILZk+dJ/aRyU QluT8vVyzyNAtpHB+gYBegMVdENqqE6ougRPaNX9OY9eS/eu/cxLV3w8p499A fe5w/VmZzA</latexit>
Error using Gauss/Jacobi method
<latexit sha1_base64="WVudyuBRzxlPVAN/L2yWnt5vCfA=">AAACEHicbVC7SgNBFJ2NrxhfUUubwSCkirsiqF1QRLGKYEwgG8Ls7GwyZB7LPISw5Bds/BUbCxVbSzv/xsm j0MQDFw7n3Mu990Qpo9r4/reXW1hcWl7JrxbW1jc2t4rbO/daWoVJHUsmVTNCmjAqSN1Qw0gzVQTxiJFG1L8Y+Y0HojSV4s4MUtLmqCtoQjEyTuoUy1moOLxUSqoQWk1FN4RXyGp9eIOwjGgIOTE9GQ87xZJf8ceA8ySYkhKYotYpfoWxxJYTYTBDWrcCPzXtDClDMSPDQmg1SRHuoy5pOSoQJ7qdjT8awgOnxDCRypUwcKz+nsgQ13rAI9fJkenpWW8k/ue1rEl O2xkVqTVE4MmixDJoJBzFA2OqCDZs4AjCirpbIe4hhbBxIRZcCMHsy/OkflQ5qwS3x6Xq+TSNPNgD+6AMAnACquAa1EAdYPAInsErePOevBfv3fuYtOa86cwu+APv8wd4iJ0B</latexit><latexit sha1_base64="WVudyuBRzxlPVAN/L2yWnt5vCfA=">AAACEHicbVC7SgNBFJ2NrxhfUUubwSCkirsiqF1QRLGKYEwgG8Ls7GwyZB7LPISw5Bds/BUbCxVbSzv/xsm j0MQDFw7n3Mu990Qpo9r4/reXW1hcWl7JrxbW1jc2t4rbO/daWoVJHUsmVTNCmjAqSN1Qw0gzVQTxiJFG1L8Y+Y0HojSV4s4MUtLmqCtoQjEyTuoUy1moOLxUSqoQWk1FN4RXyGp9eIOwjGgIOTE9GQ87xZJf8ceA8ySYkhKYotYpfoWxxJYTYTBDWrcCPzXtDClDMSPDQmg1SRHuoy5pOSoQJ7qdjT8awgOnxDCRypUwcKz+nsgQ13rAI9fJkenpWW8k/ue1rEl O2xkVqTVE4MmixDJoJBzFA2OqCDZs4AjCirpbIe4hhbBxIRZcCMHsy/OkflQ5qwS3x6Xq+TSNPNgD+6AMAnACquAa1EAdYPAInsErePOevBfv3fuYtOa86cwu+APv8wd4iJ0B</latexit><latexit sha1_base64="WVudyuBRzxlPVAN/L2yWnt5vCfA=">AAACEHicbVC7SgNBFJ2NrxhfUUubwSCkirsiqF1QRLGKYEwgG8Ls7GwyZB7LPISw5Bds/BUbCxVbSzv/xsm j0MQDFw7n3Mu990Qpo9r4/reXW1hcWl7JrxbW1jc2t4rbO/daWoVJHUsmVTNCmjAqSN1Qw0gzVQTxiJFG1L8Y+Y0HojSV4s4MUtLmqCtoQjEyTuoUy1moOLxUSqoQWk1FN4RXyGp9eIOwjGgIOTE9GQ87xZJf8ceA8ySYkhKYotYpfoWxxJYTYTBDWrcCPzXtDClDMSPDQmg1SRHuoy5pOSoQJ7qdjT8awgOnxDCRypUwcKz+nsgQ13rAI9fJkenpWW8k/ue1rEl O2xkVqTVE4MmixDJoJBzFA2OqCDZs4AjCirpbIe4hhbBxIRZcCMHsy/OkflQ5qwS3x6Xq+TSNPNgD+6AMAnACquAa1EAdYPAInsErePOevBfv3fuYtOa86cwu+APv8wd4iJ0B</latexit><latexit sha1_base64="WVudyuBRzxlPVAN/L2yWnt5vCfA=">AAACEHicbVC7SgNBFJ2NrxhfUUubwSCkirsiqF1QRLGKYEwgG8Ls7GwyZB7LPISw5Bds/BUbCxVbSzv/xsm j0MQDFw7n3Mu990Qpo9r4/reXW1hcWl7JrxbW1jc2t4rbO/daWoVJHUsmVTNCmjAqSN1Qw0gzVQTxiJFG1L8Y+Y0HojSV4s4MUtLmqCtoQjEyTuoUy1moOLxUSqoQWk1FN4RXyGp9eIOwjGgIOTE9GQ87xZJf8ceA8ySYkhKYotYpfoWxxJYTYTBDWrcCPzXtDClDMSPDQmg1SRHuoy5pOSoQJ7qdjT8awgOnxDCRypUwcKz+nsgQ13rAI9fJkenpWW8k/ue1rEl O2xkVqTVE4MmixDJoJBzFA2OqCDZs4AjCirpbIe4hhbBxIRZcCMHsy/OkflQ5qwS3x6Xq+TSNPNgD+6AMAnACquAa1EAdYPAInsErePOevBfv3fuYtOa86cwu+APv8wd4iJ0B</latexit>
Error using hybrid method
<latexit sha1_base64="qKnXoV72k4iZVYDUz4/7vrkuygY=">AAACCnicbVDLSsNAFJ34rPUVdelmaBFclUQEdVcUwWUFYwtNKJPJtB06jzAzEULo3o2/4sa Filu/wJ1/47TNQlsPXDiccy/33hOnjGrjed/O0vLK6tp6ZaO6ubW9s+vu7d9rmSlMAiyZVJ0YacKoIIGhhpFOqgjiMSPteHQ18dsPRGkqxZ3JUxJxNBC0TzEyVuq5tSJUHF4rJVUIM03FIITDPFY0CSEnZiiTcc+tew1vCrhI/JLUQYlWz/0KE4kzToTBDGnd9b3URAVShmJGxtUw0yRFeIQGpGupQJzoqJj+MoZHVklgXypbwsCp+ nuiQFzrnMe2kyMz1PPeRPzP62amfx4VVKSZIQLPFvUzBo2Ek2BgQhXBhuWWIKyovRXiIVIIGxtf1Ybgz7+8SIKTxkXDvz2tNy/LNCrgENTAMfDBGWiCG9ACAcDgETyDV/DmPDkvzrvzMWtdcsqZA/AHzucPUTeazQ==</latexit><latexit sha1_base64="qKnXoV72k4iZVYDUz4/7vrkuygY=">AAACCnicbVDLSsNAFJ34rPUVdelmaBFclUQEdVcUwWUFYwtNKJPJtB06jzAzEULo3o2/4sa Filu/wJ1/47TNQlsPXDiccy/33hOnjGrjed/O0vLK6tp6ZaO6ubW9s+vu7d9rmSlMAiyZVJ0YacKoIIGhhpFOqgjiMSPteHQ18dsPRGkqxZ3JUxJxNBC0TzEyVuq5tSJUHF4rJVUIM03FIITDPFY0CSEnZiiTcc+tew1vCrhI/JLUQYlWz/0KE4kzToTBDGnd9b3URAVShmJGxtUw0yRFeIQGpGupQJzoqJj+MoZHVklgXypbwsCp+ nuiQFzrnMe2kyMz1PPeRPzP62amfx4VVKSZIQLPFvUzBo2Ek2BgQhXBhuWWIKyovRXiIVIIGxtf1Ybgz7+8SIKTxkXDvz2tNy/LNCrgENTAMfDBGWiCG9ACAcDgETyDV/DmPDkvzrvzMWtdcsqZA/AHzucPUTeazQ==</latexit><latexit sha1_base64="qKnXoV72k4iZVYDUz4/7vrkuygY=">AAACCnicbVDLSsNAFJ34rPUVdelmaBFclUQEdVcUwWUFYwtNKJPJtB06jzAzEULo3o2/4sa Filu/wJ1/47TNQlsPXDiccy/33hOnjGrjed/O0vLK6tp6ZaO6ubW9s+vu7d9rmSlMAiyZVJ0YacKoIIGhhpFOqgjiMSPteHQ18dsPRGkqxZ3JUxJxNBC0TzEyVuq5tSJUHF4rJVUIM03FIITDPFY0CSEnZiiTcc+tew1vCrhI/JLUQYlWz/0KE4kzToTBDGnd9b3URAVShmJGxtUw0yRFeIQGpGupQJzoqJj+MoZHVklgXypbwsCp+ nuiQFzrnMe2kyMz1PPeRPzP62amfx4VVKSZIQLPFvUzBo2Ek2BgQhXBhuWWIKyovRXiIVIIGxtf1Ybgz7+8SIKTxkXDvz2tNy/LNCrgENTAMfDBGWiCG9ACAcDgETyDV/DmPDkvzrvzMWtdcsqZA/AHzucPUTeazQ==</latexit><latexit sha1_base64="qKnXoV72k4iZVYDUz4/7vrkuygY=">AAACCnicbVDLSsNAFJ34rPUVdelmaBFclUQEdVcUwWUFYwtNKJPJtB06jzAzEULo3o2/4sa Filu/wJ1/47TNQlsPXDiccy/33hOnjGrjed/O0vLK6tp6ZaO6ubW9s+vu7d9rmSlMAiyZVJ0YacKoIIGhhpFOqgjiMSPteHQ18dsPRGkqxZ3JUxJxNBC0TzEyVuq5tSJUHF4rJVUIM03FIITDPFY0CSEnZiiTcc+tew1vCrhI/JLUQYlWz/0KE4kzToTBDGnd9b3URAVShmJGxtUw0yRFeIQGpGupQJzoqJj+MoZHVklgXypbwsCp+ nuiQFzrnMe2kyMz1PPeRPzP62amfx4VVKSZIQLPFvUzBo2Ek2BgQhXBhuWWIKyovRXiIVIIGxtf1Ybgz7+8SIKTxkXDvz2tNy/LNCrgENTAMfDBGWiCG9ACAcDgETyDV/DmPDkvzrvzMWtdcsqZA/AHzucPUTeazQ==</latexit>
Figure 1: Comparison of quadrature methods for the single layer potential on a parabola with varying
curvature. The dashed lines correspond to the low curvature case (a = 2) in all panels, while the solid lines
correspond to the high curvature case (a = 20).
The results show that both the asymptotic formula and Gauss-Jacobi quadrature are very sensitive to
the geometry. For the case with low curvature, they perform relatively well, while for the case with high
curvature, they are inaccurate, especially at large values of ∆t. Even for smaller values of ∆t, they have
still not entered their rapidly convergent regime. The performance of the hybrid scheme is quite different.
While low order in ∆t, it converges superalgebraically in the number of quadrature nodes, consistent with
our analysis above. With 16 quadrature nodes, we are able to achieve 10 digits of accuracy for a wide range
of ∆t, even for the high curvature case, where the other two methods perform poorly.
Asymptotic/numerical methods for layer heat potentials 14
For our second example, we consider the computation of the single layer potential on a straight line
segment [−1, 1]× {0}, where the density is chosen to be an oscillatory function:
σ(y, t) = cos(2kpiy1). (81)
Errors for the same set of methods are plotted in Fig. 2. Again, the asymptotic formula and Gauss-Jacobi
quadrature are sensitive to the frequency of the oscillation, while the hybrid scheme is much more robust.
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<latexit sha1_base64="WAGk11vGQDmHNxM7QHLTxfdlqqY=">AAAB7nicbVBNS8NAEN34WetX1aOXxSJ4KokI6q2oB48VjC20oWy2k3bpZhN3J0IJ/RN ePKh49fd489+4bXPQ1gcDj/dmmJkXplIYdN1vZ2l5ZXVtvbRR3tza3tmt7O0/mCTTHHyeyES3QmZACgU+CpTQSjWwOJTQDIfXE7/5BNqIRN3jKIUgZn0lIsEZWqnVuQGJjGK3UnVr7hR0kXgFqZICjW7lq9NLeBaDQi6ZMW3PTTHImUbBJYzLncxAyviQ9aFtqWIxmCCf3jumx1bp0SjRthTSqfp7ImexMaM4tJ0xw4GZ 9ybif147w+giyIVKMwTFZ4uiTFJM6OR52hMaOMqRJYxrYW+lfMA042gjKtsQvPmXF4l/WruseXdn1fpVkUaJHJIjckI8ck7q5JY0iE84keSZvJI359F5cd6dj1nrklPMHJA/cD5/APtjj3g=</latexit><latexit sha1_base64="WAGk11vGQDmHNxM7QHLTxfdlqqY=">AAAB7nicbVBNS8NAEN34WetX1aOXxSJ4KokI6q2oB48VjC20oWy2k3bpZhN3J0IJ/RN ePKh49fd489+4bXPQ1gcDj/dmmJkXplIYdN1vZ2l5ZXVtvbRR3tza3tmt7O0/mCTTHHyeyES3QmZACgU+CpTQSjWwOJTQDIfXE7/5BNqIRN3jKIUgZn0lIsEZWqnVuQGJjGK3UnVr7hR0kXgFqZICjW7lq9NLeBaDQi6ZMW3PTTHImUbBJYzLncxAyviQ9aFtqWIxmCCf3jumx1bp0SjRthTSqfp7ImexMaM4tJ0xw4GZ 9ybif147w+giyIVKMwTFZ4uiTFJM6OR52hMaOMqRJYxrYW+lfMA042gjKtsQvPmXF4l/WruseXdn1fpVkUaJHJIjckI8ck7q5JY0iE84keSZvJI359F5cd6dj1nrklPMHJA/cD5/APtjj3g=</latexit><latexit sha1_base64="WAGk11vGQDmHNxM7QHLTxfdlqqY=">AAAB7nicbVBNS8NAEN34WetX1aOXxSJ4KokI6q2oB48VjC20oWy2k3bpZhN3J0IJ/RN ePKh49fd489+4bXPQ1gcDj/dmmJkXplIYdN1vZ2l5ZXVtvbRR3tza3tmt7O0/mCTTHHyeyES3QmZACgU+CpTQSjWwOJTQDIfXE7/5BNqIRN3jKIUgZn0lIsEZWqnVuQGJjGK3UnVr7hR0kXgFqZICjW7lq9NLeBaDQi6ZMW3PTTHImUbBJYzLncxAyviQ9aFtqWIxmCCf3jumx1bp0SjRthTSqfp7ImexMaM4tJ0xw4GZ 9ybif147w+giyIVKMwTFZ4uiTFJM6OR52hMaOMqRJYxrYW+lfMA042gjKtsQvPmXF4l/WruseXdn1fpVkUaJHJIjckI8ck7q5JY0iE84keSZvJI359F5cd6dj1nrklPMHJA/cD5/APtjj3g=</latexit><latexit sha1_base64="WAGk11vGQDmHNxM7QHLTxfdlqqY=">AAAB7nicbVBNS8NAEN34WetX1aOXxSJ4KokI6q2oB48VjC20oWy2k3bpZhN3J0IJ/RN ePKh49fd489+4bXPQ1gcDj/dmmJkXplIYdN1vZ2l5ZXVtvbRR3tza3tmt7O0/mCTTHHyeyES3QmZACgU+CpTQSjWwOJTQDIfXE7/5BNqIRN3jKIUgZn0lIsEZWqnVuQGJjGK3UnVr7hR0kXgFqZICjW7lq9NLeBaDQi6ZMW3PTTHImUbBJYzLncxAyviQ9aFtqWIxmCCf3jumx1bp0SjRthTSqfp7ImexMaM4tJ0xw4GZ 9ybif147w+giyIVKMwTFZ4uiTFJM6OR52hMaOMqRJYxrYW+lfMA042gjKtsQvPmXF4l/WruseXdn1fpVkUaJHJIjckI8ck7q5JY0iE84keSZvJI359F5cd6dj1nrklPMHJA/cD5/APtjj3g=</latexit>
GJ4
<latexit sha1_base64="q95BrC602qvpWFYl1JRoZ92mBFU=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUG9FD4qnisYW2lA222m7dLMJuxuhhP4ELx5UvPqPvPlv3LY5aOuDgcd7M8zMCxPBtXHdb6ewtLyyulZcL21sbm3vlHf 3HnWcKoY+i0WsmiHVKLhE33AjsJkopFEosBEOryZ+4wmV5rF8MKMEg4j2Je9xRo2V7q9vTzvlilt1pyCLxMtJBXLUO+WvdjdmaYTSMEG1bnluYoKMKsOZwHGpnWpMKBvSPrYslTRCHWTTU8fkyCpd0ouVLWnIVP09kdFI61EU2s6ImoGe9ybif14rNb3zIOMySQ1KNlvUSwUxMZn8TbpcITNiZAllittbCRtQRZmx6ZRsCN78y4vEP6leVL2700rtMk+jCAdwCMfgwRnU4Abq4AODPjzDK7w5wnlx3p2PWWvByWf24Q+czx8TtY0x</latexit><latexit sha1_base64="q95BrC602qvpWFYl1JRoZ92mBFU=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUG9FD4qnisYW2lA222m7dLMJuxuhhP4ELx5UvPqPvPlv3LY5aOuDgcd7M8zMCxPBtXHdb6ewtLyyulZcL21sbm3vlHf 3HnWcKoY+i0WsmiHVKLhE33AjsJkopFEosBEOryZ+4wmV5rF8MKMEg4j2Je9xRo2V7q9vTzvlilt1pyCLxMtJBXLUO+WvdjdmaYTSMEG1bnluYoKMKsOZwHGpnWpMKBvSPrYslTRCHWTTU8fkyCpd0ouVLWnIVP09kdFI61EU2s6ImoGe9ybif14rNb3zIOMySQ1KNlvUSwUxMZn8TbpcITNiZAllittbCRtQRZmx6ZRsCN78y4vEP6leVL2700rtMk+jCAdwCMfgwRnU4Abq4AODPjzDK7w5wnlx3p2PWWvByWf24Q+czx8TtY0x</latexit><latexit sha1_base64="q95BrC602qvpWFYl1JRoZ92mBFU=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUG9FD4qnisYW2lA222m7dLMJuxuhhP4ELx5UvPqPvPlv3LY5aOuDgcd7M8zMCxPBtXHdb6ewtLyyulZcL21sbm3vlHf 3HnWcKoY+i0WsmiHVKLhE33AjsJkopFEosBEOryZ+4wmV5rF8MKMEg4j2Je9xRo2V7q9vTzvlilt1pyCLxMtJBXLUO+WvdjdmaYTSMEG1bnluYoKMKsOZwHGpnWpMKBvSPrYslTRCHWTTU8fkyCpd0ouVLWnIVP09kdFI61EU2s6ImoGe9ybif14rNb3zIOMySQ1KNlvUSwUxMZn8TbpcITNiZAllittbCRtQRZmx6ZRsCN78y4vEP6leVL2700rtMk+jCAdwCMfgwRnU4Abq4AODPjzDK7w5wnlx3p2PWWvByWf24Q+czx8TtY0x</latexit><latexit sha1_base64="q95BrC602qvpWFYl1JRoZ92mBFU=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUG9FD4qnisYW2lA222m7dLMJuxuhhP4ELx5UvPqPvPlv3LY5aOuDgcd7M8zMCxPBtXHdb6ewtLyyulZcL21sbm3vlHf 3HnWcKoY+i0WsmiHVKLhE33AjsJkopFEosBEOryZ+4wmV5rF8MKMEg4j2Je9xRo2V7q9vTzvlilt1pyCLxMtJBXLUO+WvdjdmaYTSMEG1bnluYoKMKsOZwHGpnWpMKBvSPrYslTRCHWTTU8fkyCpd0ouVLWnIVP09kdFI61EU2s6ImoGe9ybif14rNb3zIOMySQ1KNlvUSwUxMZn8TbpcITNiZAllittbCRtQRZmx6ZRsCN78y4vEP6leVL2700rtMk+jCAdwCMfgwRnU4Abq4AODPjzDK7w5wnlx3p2PWWvByWf24Q+czx8TtY0x</latexit>
GJ8
<latexit sha1_base64="GbojQaLYWA5vKzWLUPfZQetq90w=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEsN6KHhRPFY0ttKFsttt26WYTdidCCf0JXjyoePUfefPfuG1z0OqDgcd7M8zMCxMpDLrul1NYWl5ZXSuulzY2t7Z3y rt7DyZONeM+i2WsWyE1XArFfRQoeSvRnEah5M1wdDn1m49cGxGrexwnPIjoQIm+YBStdHd1U+uWK27VnYH8JV5OKpCj0S1/dnoxSyOukElqTNtzEwwyqlEwySelTmp4QtmIDnjbUkUjboJsduqEHFmlR/qxtqWQzNSfExmNjBlHoe2MKA7NojcV//PaKfZrQSZUkiJXbL6on0qCMZn+TXpCc4ZybAllWthbCRtSTRnadEo2BG/x5b/EP6meV73b00r9Ik+jCAdwCMfgwRnU4Roa4AODATzBC7w60nl23pz3eWvByWf24Recj28ZwY01</latexit><latexit sha1_base64="GbojQaLYWA5vKzWLUPfZQetq90w=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEsN6KHhRPFY0ttKFsttt26WYTdidCCf0JXjyoePUfefPfuG1z0OqDgcd7M8zMCxMpDLrul1NYWl5ZXSuulzY2t7Z3y rt7DyZONeM+i2WsWyE1XArFfRQoeSvRnEah5M1wdDn1m49cGxGrexwnPIjoQIm+YBStdHd1U+uWK27VnYH8JV5OKpCj0S1/dnoxSyOukElqTNtzEwwyqlEwySelTmp4QtmIDnjbUkUjboJsduqEHFmlR/qxtqWQzNSfExmNjBlHoe2MKA7NojcV//PaKfZrQSZUkiJXbL6on0qCMZn+TXpCc4ZybAllWthbCRtSTRnadEo2BG/x5b/EP6meV73b00r9Ik+jCAdwCMfgwRnU4Roa4AODATzBC7w60nl23pz3eWvByWf24Recj28ZwY01</latexit><latexit sha1_base64="GbojQaLYWA5vKzWLUPfZQetq90w=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEsN6KHhRPFY0ttKFsttt26WYTdidCCf0JXjyoePUfefPfuG1z0OqDgcd7M8zMCxMpDLrul1NYWl5ZXSuulzY2t7Z3y rt7DyZONeM+i2WsWyE1XArFfRQoeSvRnEah5M1wdDn1m49cGxGrexwnPIjoQIm+YBStdHd1U+uWK27VnYH8JV5OKpCj0S1/dnoxSyOukElqTNtzEwwyqlEwySelTmp4QtmIDnjbUkUjboJsduqEHFmlR/qxtqWQzNSfExmNjBlHoe2MKA7NojcV//PaKfZrQSZUkiJXbL6on0qCMZn+TXpCc4ZybAllWthbCRtSTRnadEo2BG/x5b/EP6meV73b00r9Ik+jCAdwCMfgwRnU4Roa4AODATzBC7w60nl23pz3eWvByWf24Recj28ZwY01</latexit><latexit sha1_base64="GbojQaLYWA5vKzWLUPfZQetq90w=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEsN6KHhRPFY0ttKFsttt26WYTdidCCf0JXjyoePUfefPfuG1z0OqDgcd7M8zMCxMpDLrul1NYWl5ZXSuulzY2t7Z3y rt7DyZONeM+i2WsWyE1XArFfRQoeSvRnEah5M1wdDn1m49cGxGrexwnPIjoQIm+YBStdHd1U+uWK27VnYH8JV5OKpCj0S1/dnoxSyOukElqTNtzEwwyqlEwySelTmp4QtmIDnjbUkUjboJsduqEHFmlR/qxtqWQzNSfExmNjBlHoe2MKA7NojcV//PaKfZrQSZUkiJXbL6on0qCMZn+TXpCc4ZybAllWthbCRtSTRnadEo2BG/x5b/EP6meV73b00r9Ik+jCAdwCMfgwRnU4Roa4AODATzBC7w60nl23pz3eWvByWf24Recj28ZwY01</latexit>
GJ16
<latexit sha1_base64="1UGrIJOdsc5j9eocf/rp/VCHn2I=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE/LgVPSieKhhbaEPZbDft0t1N2N0IJfQvePGg4tVf5M1/46bNQVsfDDzem2FmXphwpo3rfjulpeWV1bXyemVjc2t7p7q796j jVBHqk5jHqh1iTTmT1DfMcNpOFMUi5LQVjq5zv/VElWaxfDDjhAYCDySLGMEml27uvLNetebW3SnQIvEKUoMCzV71q9uPSSqoNIRjrTuem5ggw8owwumk0k01TTAZ4QHtWCqxoDrIprdO0JFV+iiKlS1p0FT9PZFhofVYhLZTYDPU814u/ud1UhNdBBmTSWqoJLNFUcqRiVH+OOozRYnhY0swUczeisgQK0yMjadiQ/DmX14k/kn9su7dn9YaV0UaZTiAQzgGD86hAbfQBB8IDOEZXuHNEc6L8+58zFpLTjGzD3/gfP4AhneNbg==</latexit><latexit sha1_base64="1UGrIJOdsc5j9eocf/rp/VCHn2I=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE/LgVPSieKhhbaEPZbDft0t1N2N0IJfQvePGg4tVf5M1/46bNQVsfDDzem2FmXphwpo3rfjulpeWV1bXyemVjc2t7p7q796j jVBHqk5jHqh1iTTmT1DfMcNpOFMUi5LQVjq5zv/VElWaxfDDjhAYCDySLGMEml27uvLNetebW3SnQIvEKUoMCzV71q9uPSSqoNIRjrTuem5ggw8owwumk0k01TTAZ4QHtWCqxoDrIprdO0JFV+iiKlS1p0FT9PZFhofVYhLZTYDPU814u/ud1UhNdBBmTSWqoJLNFUcqRiVH+OOozRYnhY0swUczeisgQK0yMjadiQ/DmX14k/kn9su7dn9YaV0UaZTiAQzgGD86hAbfQBB8IDOEZXuHNEc6L8+58zFpLTjGzD3/gfP4AhneNbg==</latexit><latexit sha1_base64="1UGrIJOdsc5j9eocf/rp/VCHn2I=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE/LgVPSieKhhbaEPZbDft0t1N2N0IJfQvePGg4tVf5M1/46bNQVsfDDzem2FmXphwpo3rfjulpeWV1bXyemVjc2t7p7q796j jVBHqk5jHqh1iTTmT1DfMcNpOFMUi5LQVjq5zv/VElWaxfDDjhAYCDySLGMEml27uvLNetebW3SnQIvEKUoMCzV71q9uPSSqoNIRjrTuem5ggw8owwumk0k01TTAZ4QHtWCqxoDrIprdO0JFV+iiKlS1p0FT9PZFhofVYhLZTYDPU814u/ud1UhNdBBmTSWqoJLNFUcqRiVH+OOozRYnhY0swUczeisgQK0yMjadiQ/DmX14k/kn9su7dn9YaV0UaZTiAQzgGD86hAbfQBB8IDOEZXuHNEc6L8+58zFpLTjGzD3/gfP4AhneNbg==</latexit><latexit sha1_base64="1UGrIJOdsc5j9eocf/rp/VCHn2I=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE/LgVPSieKhhbaEPZbDft0t1N2N0IJfQvePGg4tVf5M1/46bNQVsfDDzem2FmXphwpo3rfjulpeWV1bXyemVjc2t7p7q796j jVBHqk5jHqh1iTTmT1DfMcNpOFMUi5LQVjq5zv/VElWaxfDDjhAYCDySLGMEml27uvLNetebW3SnQIvEKUoMCzV71q9uPSSqoNIRjrTuem5ggw8owwumk0k01TTAZ4QHtWCqxoDrIprdO0JFV+iiKlS1p0FT9PZFhofVYhLZTYDPU814u/ud1UhNdBBmTSWqoJLNFUcqRiVH+OOozRYnhY0swUczeisgQK0yMjadiQ/DmX14k/kn9su7dn9YaV0UaZTiAQzgGD86hAbfQBB8IDOEZXuHNEc6L8+58zFpLTjGzD3/gfP4AhneNbg==</latexit>
4 point
<latexit sha1_base64="c0S6yxkwmdjiuSgK3gc2eYqiB+g=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUG9FLx4rGFtoQ9lsN+3SzSbuToQS+ie8eFDx6u/x5r9x2+ agrQ8GHu/NMDMvTKUw6LrfTmlldW19o7xZ2dre2d2r7h88mCTTjPsskYluh9RwKRT3UaDk7VRzGoeSt8LRzdRvPXFtRKLucZzyIKYDJSLBKFqpfd4laSIU9qo1t+7OQJaJV5AaFGj2ql/dfsKymCtkkhrT8dwUg5xqFEzySaWbGZ5SNqID3rFU0ZibIJ/dOyEnVumTKNG2FJKZ+nsip7Ex4zi0nTHFoVn0puJ/XifD6DLIhUoz5IrNF0WZJJiQ6fOkLzRnKMeWUK aFvZWwIdWUoY2oYkPwFl9eJv5Z/aru3Z3XGtdFGmU4gmM4BQ8uoAG30AQfGEh4hld4cx6dF+fd+Zi3lpxi5hD+wPn8Afnhj3g=</latexit><latexit sha1_base64="c0S6yxkwmdjiuSgK3gc2eYqiB+g=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUG9FLx4rGFtoQ9lsN+3SzSbuToQS+ie8eFDx6u/x5r9x2+ agrQ8GHu/NMDMvTKUw6LrfTmlldW19o7xZ2dre2d2r7h88mCTTjPsskYluh9RwKRT3UaDk7VRzGoeSt8LRzdRvPXFtRKLucZzyIKYDJSLBKFqpfd4laSIU9qo1t+7OQJaJV5AaFGj2ql/dfsKymCtkkhrT8dwUg5xqFEzySaWbGZ5SNqID3rFU0ZibIJ/dOyEnVumTKNG2FJKZ+nsip7Ex4zi0nTHFoVn0puJ/XifD6DLIhUoz5IrNF0WZJJiQ6fOkLzRnKMeWUK aFvZWwIdWUoY2oYkPwFl9eJv5Z/aru3Z3XGtdFGmU4gmM4BQ8uoAG30AQfGEh4hld4cx6dF+fd+Zi3lpxi5hD+wPn8Afnhj3g=</latexit><latexit sha1_base64="c0S6yxkwmdjiuSgK3gc2eYqiB+g=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUG9FLx4rGFtoQ9lsN+3SzSbuToQS+ie8eFDx6u/x5r9x2+ agrQ8GHu/NMDMvTKUw6LrfTmlldW19o7xZ2dre2d2r7h88mCTTjPsskYluh9RwKRT3UaDk7VRzGoeSt8LRzdRvPXFtRKLucZzyIKYDJSLBKFqpfd4laSIU9qo1t+7OQJaJV5AaFGj2ql/dfsKymCtkkhrT8dwUg5xqFEzySaWbGZ5SNqID3rFU0ZibIJ/dOyEnVumTKNG2FJKZ+nsip7Ex4zi0nTHFoVn0puJ/XifD6DLIhUoz5IrNF0WZJJiQ6fOkLzRnKMeWUK aFvZWwIdWUoY2oYkPwFl9eJv5Z/aru3Z3XGtdFGmU4gmM4BQ8uoAG30AQfGEh4hld4cx6dF+fd+Zi3lpxi5hD+wPn8Afnhj3g=</latexit><latexit sha1_base64="c0S6yxkwmdjiuSgK3gc2eYqiB+g=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUG9FLx4rGFtoQ9lsN+3SzSbuToQS+ie8eFDx6u/x5r9x2+ agrQ8GHu/NMDMvTKUw6LrfTmlldW19o7xZ2dre2d2r7h88mCTTjPsskYluh9RwKRT3UaDk7VRzGoeSt8LRzdRvPXFtRKLucZzyIKYDJSLBKFqpfd4laSIU9qo1t+7OQJaJV5AaFGj2ql/dfsKymCtkkhrT8dwUg5xqFEzySaWbGZ5SNqID3rFU0ZibIJ/dOyEnVumTKNG2FJKZ+nsip7Ex4zi0nTHFoVn0puJ/XifD6DLIhUoz5IrNF0WZJJiQ6fOkLzRnKMeWUK aFvZWwIdWUoY2oYkPwFl9eJv5Z/aru3Z3XGtdFGmU4gmM4BQ8uoAG30AQfGEh4hld4cx6dF+fd+Zi3lpxi5hD+wPn8Afnhj3g=</latexit>
8 point
<latexit sha1_base64="A88JPyyHbtZpUvCKdK2sVy7903I=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEsN6KXjxWMFpoQ9lsN+3SzSbuToQS+ie8eFDx6u/x5r9x 2+agrQ8GHu/NMDMvTKUw6LrfTmlldW19o7xZ2dre2d2r7h/cmyTTjPsskYluh9RwKRT3UaDk7VRzGoeSP4Sj66n/8MS1EYm6w3HKg5gOlIgEo2ildqNL0kQo7FVrbt2dgSwTryA1KNDqVb+6/YRlMVfIJDWm47kpBjnVKJjkk0o3MzylbEQHvGOpojE3QT67d0JOrNInUaJtKSQz9fdETmNjxnFoO2OKQ7PoTcX/vE6GUSPIhUoz5IrNF0WZJJiQ6fOkLz RnKMeWUKaFvZWwIdWUoY2oYkPwFl9eJv5Z/bLu3Z7XmldFGmU4gmM4BQ8uoAk30AIfGEh4hld4cx6dF+fd+Zi3lpxi5hD+wPn8AQAYj3w=</latexit><latexit sha1_base64="A88JPyyHbtZpUvCKdK2sVy7903I=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEsN6KXjxWMFpoQ9lsN+3SzSbuToQS+ie8eFDx6u/x5r9x 2+agrQ8GHu/NMDMvTKUw6LrfTmlldW19o7xZ2dre2d2r7h/cmyTTjPsskYluh9RwKRT3UaDk7VRzGoeSP4Sj66n/8MS1EYm6w3HKg5gOlIgEo2ildqNL0kQo7FVrbt2dgSwTryA1KNDqVb+6/YRlMVfIJDWm47kpBjnVKJjkk0o3MzylbEQHvGOpojE3QT67d0JOrNInUaJtKSQz9fdETmNjxnFoO2OKQ7PoTcX/vE6GUSPIhUoz5IrNF0WZJJiQ6fOkLz RnKMeWUKaFvZWwIdWUoY2oYkPwFl9eJv5Z/bLu3Z7XmldFGmU4gmM4BQ8uoAk30AIfGEh4hld4cx6dF+fd+Zi3lpxi5hD+wPn8AQAYj3w=</latexit><latexit sha1_base64="A88JPyyHbtZpUvCKdK2sVy7903I=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEsN6KXjxWMFpoQ9lsN+3SzSbuToQS+ie8eFDx6u/x5r9x 2+agrQ8GHu/NMDMvTKUw6LrfTmlldW19o7xZ2dre2d2r7h/cmyTTjPsskYluh9RwKRT3UaDk7VRzGoeSP4Sj66n/8MS1EYm6w3HKg5gOlIgEo2ildqNL0kQo7FVrbt2dgSwTryA1KNDqVb+6/YRlMVfIJDWm47kpBjnVKJjkk0o3MzylbEQHvGOpojE3QT67d0JOrNInUaJtKSQz9fdETmNjxnFoO2OKQ7PoTcX/vE6GUSPIhUoz5IrNF0WZJJiQ6fOkLz RnKMeWUKaFvZWwIdWUoY2oYkPwFl9eJv5Z/bLu3Z7XmldFGmU4gmM4BQ8uoAk30AIfGEh4hld4cx6dF+fd+Zi3lpxi5hD+wPn8AQAYj3w=</latexit><latexit sha1_base64="A88JPyyHbtZpUvCKdK2sVy7903I=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEsN6KXjxWMFpoQ9lsN+3SzSbuToQS+ie8eFDx6u/x5r9x 2+agrQ8GHu/NMDMvTKUw6LrfTmlldW19o7xZ2dre2d2r7h/cmyTTjPsskYluh9RwKRT3UaDk7VRzGoeSP4Sj66n/8MS1EYm6w3HKg5gOlIgEo2ildqNL0kQo7FVrbt2dgSwTryA1KNDqVb+6/YRlMVfIJDWm47kpBjnVKJjkk0o3MzylbEQHvGOpojE3QT67d0JOrNInUaJtKSQz9fdETmNjxnFoO2OKQ7PoTcX/vE6GUSPIhUoz5IrNF0WZJJiQ6fOkLz RnKMeWUKaFvZWwIdWUoY2oYkPwFl9eJv5Z/bLu3Z7XmldFGmU4gmM4BQ8uoAk30AIfGEh4hld4cx6dF+fd+Zi3lpxi5hD+wPn8AQAYj3w=</latexit>
16 point
<latexit sha1_base64="oCP9M0BorXRrKJA616ooAxwodFY=">AAAB73icbVDLSgNBEJyNrxhfUY9eBoPgKeyK+LgFvXiM4JpIsoTZyWwyZB7LTK8QlnyFFw8qXv0db/6Nk2 QPGi1oKKq66e6KU8Et+P6XV1paXlldK69XNja3tnequ3v3VmeGspBqoU07JpYJrlgIHARrp4YRGQvWikfXU7/1yIzlWt3BOGWRJAPFE04JOOkhOOviVHMFvWrNr/sz4L8kKEgNFWj2qp/dvqaZZAqoINZ2Aj+FKCcGOBVsUulmlqWEjsiAdRxVRDIb5bODJ/jIKX2caONKAZ6pPydyIq0dy9h1SgJDu+hNxf+8TgbJRZRzlWbAFJ0vSjKBQePp97jPDaMgxo4Qa ri7FdMhMYSCy6jiQggWX/5LwpP6ZT24Pa01roo0yugAHaJjFKBz1EA3qIlCRJFET+gFvXrGe/bevPd5a8krZvbRL3gf322Qj7U=</latexit><latexit sha1_base64="oCP9M0BorXRrKJA616ooAxwodFY=">AAAB73icbVDLSgNBEJyNrxhfUY9eBoPgKeyK+LgFvXiM4JpIsoTZyWwyZB7LTK8QlnyFFw8qXv0db/6Nk2 QPGi1oKKq66e6KU8Et+P6XV1paXlldK69XNja3tnequ3v3VmeGspBqoU07JpYJrlgIHARrp4YRGQvWikfXU7/1yIzlWt3BOGWRJAPFE04JOOkhOOviVHMFvWrNr/sz4L8kKEgNFWj2qp/dvqaZZAqoINZ2Aj+FKCcGOBVsUulmlqWEjsiAdRxVRDIb5bODJ/jIKX2caONKAZ6pPydyIq0dy9h1SgJDu+hNxf+8TgbJRZRzlWbAFJ0vSjKBQePp97jPDaMgxo4Qa ri7FdMhMYSCy6jiQggWX/5LwpP6ZT24Pa01roo0yugAHaJjFKBz1EA3qIlCRJFET+gFvXrGe/bevPd5a8krZvbRL3gf322Qj7U=</latexit><latexit sha1_base64="oCP9M0BorXRrKJA616ooAxwodFY=">AAAB73icbVDLSgNBEJyNrxhfUY9eBoPgKeyK+LgFvXiM4JpIsoTZyWwyZB7LTK8QlnyFFw8qXv0db/6Nk2 QPGi1oKKq66e6KU8Et+P6XV1paXlldK69XNja3tnequ3v3VmeGspBqoU07JpYJrlgIHARrp4YRGQvWikfXU7/1yIzlWt3BOGWRJAPFE04JOOkhOOviVHMFvWrNr/sz4L8kKEgNFWj2qp/dvqaZZAqoINZ2Aj+FKCcGOBVsUulmlqWEjsiAdRxVRDIb5bODJ/jIKX2caONKAZ6pPydyIq0dy9h1SgJDu+hNxf+8TgbJRZRzlWbAFJ0vSjKBQePp97jPDaMgxo4Qa ri7FdMhMYSCy6jiQggWX/5LwpP6ZT24Pa01roo0yugAHaJjFKBz1EA3qIlCRJFET+gFvXrGe/bevPd5a8krZvbRL3gf322Qj7U=</latexit><latexit sha1_base64="oCP9M0BorXRrKJA616ooAxwodFY=">AAAB73icbVDLSgNBEJyNrxhfUY9eBoPgKeyK+LgFvXiM4JpIsoTZyWwyZB7LTK8QlnyFFw8qXv0db/6Nk2 QPGi1oKKq66e6KU8Et+P6XV1paXlldK69XNja3tnequ3v3VmeGspBqoU07JpYJrlgIHARrp4YRGQvWikfXU7/1yIzlWt3BOGWRJAPFE04JOOkhOOviVHMFvWrNr/sz4L8kKEgNFWj2qp/dvqaZZAqoINZ2Aj+FKCcGOBVsUulmlqWEjsiAdRxVRDIb5bODJ/jIKX2caONKAZ6pPydyIq0dy9h1SgJDu+hNxf+8TgbJRZRzlWbAFJ0vSjKBQePp97jPDaMgxo4Qa ri7FdMhMYSCy6jiQggWX/5LwpP6ZT24Pa01roo0yugAHaJjFKBz1EA3qIlCRJFET+gFvXrGe/bevPd5a8krZvbRL3gf322Qj7U=</latexit>
a = 20
<latexit sha1_base64="CuxhslqbBK2MYChQ5QQvpHpzzU4=">AAAB7HicbVBNSwMxEJ2tX7V +VT16CRbBU9ktQvUgFL14rOC2hXYp2TTbxmaTJckKZel/8OJBxas/yJv/xrTdg7Y+GHi8N8PMvDDhTBvX/XYKa+sbm1vF7dLO7t7+QfnwqKVlqgj1ieRSdUKsKWeC+oYZTjuJojgOOW2H49uZ336iS jMpHswkoUGMh4JFjGBjpRZG16jm9ssVt+rOgVaJl5MK5Gj2y1+9gSRpTIUhHGvd9dzEBBlWhhFOp6VeqmmCyRgPaddSgWOqg2x+7RSdWWWAIqlsCYPm6u+JDMdaT+LQdsbYjPSyNxP/87qpiS6DjIk kNVSQxaIo5chINHsdDZiixPCJJZgoZm9FZIQVJsYGVLIheMsvrxK/Vr2qevcXlcZNnkYRTuAUzsGDOjTgDprgA4FHeIZXeHOk8+K8Ox+L1oKTzxzDHzifPz8mjco=</latexit><latexit sha1_base64="CuxhslqbBK2MYChQ5QQvpHpzzU4=">AAAB7HicbVBNSwMxEJ2tX7V +VT16CRbBU9ktQvUgFL14rOC2hXYp2TTbxmaTJckKZel/8OJBxas/yJv/xrTdg7Y+GHi8N8PMvDDhTBvX/XYKa+sbm1vF7dLO7t7+QfnwqKVlqgj1ieRSdUKsKWeC+oYZTjuJojgOOW2H49uZ336iS jMpHswkoUGMh4JFjGBjpRZG16jm9ssVt+rOgVaJl5MK5Gj2y1+9gSRpTIUhHGvd9dzEBBlWhhFOp6VeqmmCyRgPaddSgWOqg2x+7RSdWWWAIqlsCYPm6u+JDMdaT+LQdsbYjPSyNxP/87qpiS6DjIk kNVSQxaIo5chINHsdDZiixPCJJZgoZm9FZIQVJsYGVLIheMsvrxK/Vr2qevcXlcZNnkYRTuAUzsGDOjTgDprgA4FHeIZXeHOk8+K8Ox+L1oKTzxzDHzifPz8mjco=</latexit><latexit sha1_base64="CuxhslqbBK2MYChQ5QQvpHpzzU4=">AAAB7HicbVBNSwMxEJ2tX7V +VT16CRbBU9ktQvUgFL14rOC2hXYp2TTbxmaTJckKZel/8OJBxas/yJv/xrTdg7Y+GHi8N8PMvDDhTBvX/XYKa+sbm1vF7dLO7t7+QfnwqKVlqgj1ieRSdUKsKWeC+oYZTjuJojgOOW2H49uZ336iS jMpHswkoUGMh4JFjGBjpRZG16jm9ssVt+rOgVaJl5MK5Gj2y1+9gSRpTIUhHGvd9dzEBBlWhhFOp6VeqmmCyRgPaddSgWOqg2x+7RSdWWWAIqlsCYPm6u+JDMdaT+LQdsbYjPSyNxP/87qpiS6DjIk kNVSQxaIo5chINHsdDZiixPCJJZgoZm9FZIQVJsYGVLIheMsvrxK/Vr2qevcXlcZNnkYRTuAUzsGDOjTgDprgA4FHeIZXeHOk8+K8Ox+L1oKTzxzDHzifPz8mjco=</latexit><latexit sha1_base64="CuxhslqbBK2MYChQ5QQvpHpzzU4=">AAAB7HicbVBNSwMxEJ2tX7V +VT16CRbBU9ktQvUgFL14rOC2hXYp2TTbxmaTJckKZel/8OJBxas/yJv/xrTdg7Y+GHi8N8PMvDDhTBvX/XYKa+sbm1vF7dLO7t7+QfnwqKVlqgj1ieRSdUKsKWeC+oYZTjuJojgOOW2H49uZ336iS jMpHswkoUGMh4JFjGBjpRZG16jm9ssVt+rOgVaJl5MK5Gj2y1+9gSRpTIUhHGvd9dzEBBlWhhFOp6VeqmmCyRgPaddSgWOqg2x+7RSdWWWAIqlsCYPm6u+JDMdaT+LQdsbYjPSyNxP/87qpiS6DjIk kNVSQxaIo5chINHsdDZiixPCJJZgoZm9FZIQVJsYGVLIheMsvrxK/Vr2qevcXlcZNnkYRTuAUzsGDOjTgDprgA4FHeIZXeHOk8+K8Ox+L1oKTzxzDHzifPz8mjco=</latexit>
a = 2
<latexit sha1_base64="0euZrNVaP7CNC2juN3XAdsGFElk=">AAAB63icbVBNS8N AEJ34WetX1aOXxSJ4KkkR1INQ9OKxgrGFNpTNdtIu3WzC7kYoob/BiwcVr/4hb/4bt20O2vpg4PHeDDPzwlRwbVz321lZXVvf2Cxtlbd3dvf2KweHjzrJFEOfJSJR7ZBqFFyib 7gR2E4V0jgU2ApHt1O/9YRK80Q+mHGKQUwHkkecUWMln5JrUu9Vqm7NnYEsE68gVSjQ7FW+uv2EZTFKwwTVuuO5qQlyqgxnAiflbqYxpWxEB9ixVNIYdZDPjp2QU6v0SZQoW9 KQmfp7Iqex1uM4tJ0xNUO96E3F/7xOZqLLIOcyzQxKNl8UZYKYhEw/J32ukBkxtoQyxe2thA2poszYfMo2BG/x5WXi12tXNe/+vNq4KdIowTGcwBl4cAENuIMm+MCAwzO8wps jnRfn3fmYt644xcwR/IHz+QPQjI2Q</latexit><latexit sha1_base64="0euZrNVaP7CNC2juN3XAdsGFElk=">AAAB63icbVBNS8N AEJ34WetX1aOXxSJ4KkkR1INQ9OKxgrGFNpTNdtIu3WzC7kYoob/BiwcVr/4hb/4bt20O2vpg4PHeDDPzwlRwbVz321lZXVvf2Cxtlbd3dvf2KweHjzrJFEOfJSJR7ZBqFFyib 7gR2E4V0jgU2ApHt1O/9YRK80Q+mHGKQUwHkkecUWMln5JrUu9Vqm7NnYEsE68gVSjQ7FW+uv2EZTFKwwTVuuO5qQlyqgxnAiflbqYxpWxEB9ixVNIYdZDPjp2QU6v0SZQoW9 KQmfp7Iqex1uM4tJ0xNUO96E3F/7xOZqLLIOcyzQxKNl8UZYKYhEw/J32ukBkxtoQyxe2thA2poszYfMo2BG/x5WXi12tXNe/+vNq4KdIowTGcwBl4cAENuIMm+MCAwzO8wps jnRfn3fmYt644xcwR/IHz+QPQjI2Q</latexit><latexit sha1_base64="0euZrNVaP7CNC2juN3XAdsGFElk=">AAAB63icbVBNS8N AEJ34WetX1aOXxSJ4KkkR1INQ9OKxgrGFNpTNdtIu3WzC7kYoob/BiwcVr/4hb/4bt20O2vpg4PHeDDPzwlRwbVz321lZXVvf2Cxtlbd3dvf2KweHjzrJFEOfJSJR7ZBqFFyib 7gR2E4V0jgU2ApHt1O/9YRK80Q+mHGKQUwHkkecUWMln5JrUu9Vqm7NnYEsE68gVSjQ7FW+uv2EZTFKwwTVuuO5qQlyqgxnAiflbqYxpWxEB9ixVNIYdZDPjp2QU6v0SZQoW9 KQmfp7Iqex1uM4tJ0xNUO96E3F/7xOZqLLIOcyzQxKNl8UZYKYhEw/J32ukBkxtoQyxe2thA2poszYfMo2BG/x5WXi12tXNe/+vNq4KdIowTGcwBl4cAENuIMm+MCAwzO8wps jnRfn3fmYt644xcwR/IHz+QPQjI2Q</latexit><latexit sha1_base64="0euZrNVaP7CNC2juN3XAdsGFElk=">AAAB63icbVBNS8N AEJ34WetX1aOXxSJ4KkkR1INQ9OKxgrGFNpTNdtIu3WzC7kYoob/BiwcVr/4hb/4bt20O2vpg4PHeDDPzwlRwbVz321lZXVvf2Cxtlbd3dvf2KweHjzrJFEOfJSJR7ZBqFFyib 7gR2E4V0jgU2ApHt1O/9YRK80Q+mHGKQUwHkkecUWMln5JrUu9Vqm7NnYEsE68gVSjQ7FW+uv2EZTFKwwTVuuO5qQlyqgxnAiflbqYxpWxEB9ixVNIYdZDPjp2QU6v0SZQoW9 KQmfp7Iqex1uM4tJ0xNUO96E3F/7xOZqLLIOcyzQxKNl8UZYKYhEw/J32ukBkxtoQyxe2thA2poszYfMo2BG/x5WXi12tXNe/+vNq4KdIowTGcwBl4cAENuIMm+MCAwzO8wps jnRfn3fmYt644xcwR/IHz+QPQjI2Q</latexit>
Error using asymptotic method
<latexit sha1_base64="yV1CRrD7g zXxxnKHONOREwZ9RQw=">AAACDnicbVC7SgNBFJ31GeMramkzGBSrsCuC2gVFs IxgTCAbwuxkNhkyj2XmrhCW/IGNv2JjoWJrbeffOEm20MQDA4dz7r1z74kSwS 34/re3sLi0vLJaWCuub2xubZd2du+tTg1ldaqFNs2IWCa4YnXgIFgzMYzISLB GNLga+40HZizX6g6GCWtL0lM85pSAkzqloyw0El8bo02IU8tVL8TEDmUCGjgNs WTQ191Rp1T2K/4EeJ4EOSmjHLVO6SvsappKpoAKYm0r8BNoZ8S4qYKNimFqWU LogPRYy1FFJLPtbHLPCB86pYtjbdxTgCfq746MSOt2jFylJNC3s95Y/M9rpRC ftzOukhSYotOP4lRg0HgcDu5ywyiIoSOEGu52xbRPDKHgIiy6EILZk+dJ/aRyU QluT8vVyzyNAtpHB+gYBegMVdENqqE6ougRPaNX9OY9eS/eu/cxLV3w8p499A fe5w/VmZzA</latexit><latexit sha1_base64="yV1CRrD7g zXxxnKHONOREwZ9RQw=">AAACDnicbVC7SgNBFJ31GeMramkzGBSrsCuC2gVFs IxgTCAbwuxkNhkyj2XmrhCW/IGNv2JjoWJrbeffOEm20MQDA4dz7r1z74kSwS 34/re3sLi0vLJaWCuub2xubZd2du+tTg1ldaqFNs2IWCa4YnXgIFgzMYzISLB GNLga+40HZizX6g6GCWtL0lM85pSAkzqloyw0El8bo02IU8tVL8TEDmUCGjgNs WTQ191Rp1T2K/4EeJ4EOSmjHLVO6SvsappKpoAKYm0r8BNoZ8S4qYKNimFqWU LogPRYy1FFJLPtbHLPCB86pYtjbdxTgCfq746MSOt2jFylJNC3s95Y/M9rpRC ftzOukhSYotOP4lRg0HgcDu5ywyiIoSOEGu52xbRPDKHgIiy6EILZk+dJ/aRyU QluT8vVyzyNAtpHB+gYBegMVdENqqE6ougRPaNX9OY9eS/eu/cxLV3w8p499A fe5w/VmZzA</latexit><latexit sha1_base64="yV1CRrD7g zXxxnKHONOREwZ9RQw=">AAACDnicbVC7SgNBFJ31GeMramkzGBSrsCuC2gVFs IxgTCAbwuxkNhkyj2XmrhCW/IGNv2JjoWJrbeffOEm20MQDA4dz7r1z74kSwS 34/re3sLi0vLJaWCuub2xubZd2du+tTg1ldaqFNs2IWCa4YnXgIFgzMYzISLB GNLga+40HZizX6g6GCWtL0lM85pSAkzqloyw0El8bo02IU8tVL8TEDmUCGjgNs WTQ191Rp1T2K/4EeJ4EOSmjHLVO6SvsappKpoAKYm0r8BNoZ8S4qYKNimFqWU LogPRYy1FFJLPtbHLPCB86pYtjbdxTgCfq746MSOt2jFylJNC3s95Y/M9rpRC ftzOukhSYotOP4lRg0HgcDu5ywyiIoSOEGu52xbRPDKHgIiy6EILZk+dJ/aRyU QluT8vVyzyNAtpHB+gYBegMVdENqqE6ougRPaNX9OY9eS/eu/cxLV3w8p499A fe5w/VmZzA</latexit><latexit sha1_base64="yV1CRrD7g zXxxnKHONOREwZ9RQw=">AAACDnicbVC7SgNBFJ31GeMramkzGBSrsCuC2gVFs IxgTCAbwuxkNhkyj2XmrhCW/IGNv2JjoWJrbeffOEm20MQDA4dz7r1z74kSwS 34/re3sLi0vLJaWCuub2xubZd2du+tTg1ldaqFNs2IWCa4YnXgIFgzMYzISLB GNLga+40HZizX6g6GCWtL0lM85pSAkzqloyw0El8bo02IU8tVL8TEDmUCGjgNs WTQ191Rp1T2K/4EeJ4EOSmjHLVO6SvsappKpoAKYm0r8BNoZ8S4qYKNimFqWU LogPRYy1FFJLPtbHLPCB86pYtjbdxTgCfq746MSOt2jFylJNC3s95Y/M9rpRC ftzOukhSYotOP4lRg0HgcDu5ywyiIoSOEGu52xbRPDKHgIiy6EILZk+dJ/aRyU QluT8vVyzyNAtpHB+gYBegMVdENqqE6ougRPaNX9OY9eS/eu/cxLV3w8p499A fe5w/VmZzA</latexit>
Error using Gauss/Jacobi method
<latexit sha1_base64="WVudyuBRzxlPVAN/L2yWnt5vCfA=">AAACEHicbVC7SgNBFJ2NrxhfUUubwSCkirsiqF1QRLGKYEwgG8Ls7GwyZB7LPISw5Bds/BUbCxVbSzv/xsm j0MQDFw7n3Mu990Qpo9r4/reXW1hcWl7JrxbW1jc2t4rbO/daWoVJHUsmVTNCmjAqSN1Qw0gzVQTxiJFG1L8Y+Y0HojSV4s4MUtLmqCtoQjEyTuoUy1moOLxUSqoQWk1FN4RXyGp9eIOwjGgIOTE9GQ87xZJf8ceA8ySYkhKYotYpfoWxxJYTYTBDWrcCPzXtDClDMSPDQmg1SRHuoy5pOSoQJ7qdjT8awgOnxDCRypUwcKz+nsgQ13rAI9fJkenpWW8k/ue1rEl O2xkVqTVE4MmixDJoJBzFA2OqCDZs4AjCirpbIe4hhbBxIRZcCMHsy/OkflQ5qwS3x6Xq+TSNPNgD+6AMAnACquAa1EAdYPAInsErePOevBfv3fuYtOa86cwu+APv8wd4iJ0B</latexit><latexit sha1_base64="WVudyuBRzxlPVAN/L2yWnt5vCfA=">AAACEHicbVC7SgNBFJ2NrxhfUUubwSCkirsiqF1QRLGKYEwgG8Ls7GwyZB7LPISw5Bds/BUbCxVbSzv/xsm j0MQDFw7n3Mu990Qpo9r4/reXW1hcWl7JrxbW1jc2t4rbO/daWoVJHUsmVTNCmjAqSN1Qw0gzVQTxiJFG1L8Y+Y0HojSV4s4MUtLmqCtoQjEyTuoUy1moOLxUSqoQWk1FN4RXyGp9eIOwjGgIOTE9GQ87xZJf8ceA8ySYkhKYotYpfoWxxJYTYTBDWrcCPzXtDClDMSPDQmg1SRHuoy5pOSoQJ7qdjT8awgOnxDCRypUwcKz+nsgQ13rAI9fJkenpWW8k/ue1rEl O2xkVqTVE4MmixDJoJBzFA2OqCDZs4AjCirpbIe4hhbBxIRZcCMHsy/OkflQ5qwS3x6Xq+TSNPNgD+6AMAnACquAa1EAdYPAInsErePOevBfv3fuYtOa86cwu+APv8wd4iJ0B</latexit><latexit sha1_base64="WVudyuBRzxlPVAN/L2yWnt5vCfA=">AAACEHicbVC7SgNBFJ2NrxhfUUubwSCkirsiqF1QRLGKYEwgG8Ls7GwyZB7LPISw5Bds/BUbCxVbSzv/xsm j0MQDFw7n3Mu990Qpo9r4/reXW1hcWl7JrxbW1jc2t4rbO/daWoVJHUsmVTNCmjAqSN1Qw0gzVQTxiJFG1L8Y+Y0HojSV4s4MUtLmqCtoQjEyTuoUy1moOLxUSqoQWk1FN4RXyGp9eIOwjGgIOTE9GQ87xZJf8ceA8ySYkhKYotYpfoWxxJYTYTBDWrcCPzXtDClDMSPDQmg1SRHuoy5pOSoQJ7qdjT8awgOnxDCRypUwcKz+nsgQ13rAI9fJkenpWW8k/ue1rEl O2xkVqTVE4MmixDJoJBzFA2OqCDZs4AjCirpbIe4hhbBxIRZcCMHsy/OkflQ5qwS3x6Xq+TSNPNgD+6AMAnACquAa1EAdYPAInsErePOevBfv3fuYtOa86cwu+APv8wd4iJ0B</latexit><latexit sha1_base64="WVudyuBRzxlPVAN/L2yWnt5vCfA=">AAACEHicbVC7SgNBFJ2NrxhfUUubwSCkirsiqF1QRLGKYEwgG8Ls7GwyZB7LPISw5Bds/BUbCxVbSzv/xsm j0MQDFw7n3Mu990Qpo9r4/reXW1hcWl7JrxbW1jc2t4rbO/daWoVJHUsmVTNCmjAqSN1Qw0gzVQTxiJFG1L8Y+Y0HojSV4s4MUtLmqCtoQjEyTuoUy1moOLxUSqoQWk1FN4RXyGp9eIOwjGgIOTE9GQ87xZJf8ceA8ySYkhKYotYpfoWxxJYTYTBDWrcCPzXtDClDMSPDQmg1SRHuoy5pOSoQJ7qdjT8awgOnxDCRypUwcKz+nsgQ13rAI9fJkenpWW8k/ue1rEl O2xkVqTVE4MmixDJoJBzFA2OqCDZs4AjCirpbIe4hhbBxIRZcCMHsy/OkflQ5qwS3x6Xq+TSNPNgD+6AMAnACquAa1EAdYPAInsErePOevBfv3fuYtOa86cwu+APv8wd4iJ0B</latexit>
Error using hybrid method
<latexit sha1_base64="qKnXoV72k4iZVYDUz4/7vrkuygY=">AAACCnicbVDLSsNAFJ34rPUVdelmaBFclUQEdVcUwWUFYwtNKJPJtB06jzAzEULo3o2/4sa Filu/wJ1/47TNQlsPXDiccy/33hOnjGrjed/O0vLK6tp6ZaO6ubW9s+vu7d9rmSlMAiyZVJ0YacKoIIGhhpFOqgjiMSPteHQ18dsPRGkqxZ3JUxJxNBC0TzEyVuq5tSJUHF4rJVUIM03FIITDPFY0CSEnZiiTcc+tew1vCrhI/JLUQYlWz/0KE4kzToTBDGnd9b3URAVShmJGxtUw0yRFeIQGpGupQJzoqJj+MoZHVklgXypbwsCp+ nuiQFzrnMe2kyMz1PPeRPzP62amfx4VVKSZIQLPFvUzBo2Ek2BgQhXBhuWWIKyovRXiIVIIGxtf1Ybgz7+8SIKTxkXDvz2tNy/LNCrgENTAMfDBGWiCG9ACAcDgETyDV/DmPDkvzrvzMWtdcsqZA/AHzucPUTeazQ==</latexit><latexit sha1_base64="qKnXoV72k4iZVYDUz4/7vrkuygY=">AAACCnicbVDLSsNAFJ34rPUVdelmaBFclUQEdVcUwWUFYwtNKJPJtB06jzAzEULo3o2/4sa Filu/wJ1/47TNQlsPXDiccy/33hOnjGrjed/O0vLK6tp6ZaO6ubW9s+vu7d9rmSlMAiyZVJ0YacKoIIGhhpFOqgjiMSPteHQ18dsPRGkqxZ3JUxJxNBC0TzEyVuq5tSJUHF4rJVUIM03FIITDPFY0CSEnZiiTcc+tew1vCrhI/JLUQYlWz/0KE4kzToTBDGnd9b3URAVShmJGxtUw0yRFeIQGpGupQJzoqJj+MoZHVklgXypbwsCp+ nuiQFzrnMe2kyMz1PPeRPzP62amfx4VVKSZIQLPFvUzBo2Ek2BgQhXBhuWWIKyovRXiIVIIGxtf1Ybgz7+8SIKTxkXDvz2tNy/LNCrgENTAMfDBGWiCG9ACAcDgETyDV/DmPDkvzrvzMWtdcsqZA/AHzucPUTeazQ==</latexit><latexit sha1_base64="qKnXoV72k4iZVYDUz4/7vrkuygY=">AAACCnicbVDLSsNAFJ34rPUVdelmaBFclUQEdVcUwWUFYwtNKJPJtB06jzAzEULo3o2/4sa Filu/wJ1/47TNQlsPXDiccy/33hOnjGrjed/O0vLK6tp6ZaO6ubW9s+vu7d9rmSlMAiyZVJ0YacKoIIGhhpFOqgjiMSPteHQ18dsPRGkqxZ3JUxJxNBC0TzEyVuq5tSJUHF4rJVUIM03FIITDPFY0CSEnZiiTcc+tew1vCrhI/JLUQYlWz/0KE4kzToTBDGnd9b3URAVShmJGxtUw0yRFeIQGpGupQJzoqJj+MoZHVklgXypbwsCp+ nuiQFzrnMe2kyMz1PPeRPzP62amfx4VVKSZIQLPFvUzBo2Ek2BgQhXBhuWWIKyovRXiIVIIGxtf1Ybgz7+8SIKTxkXDvz2tNy/LNCrgENTAMfDBGWiCG9ACAcDgETyDV/DmPDkvzrvzMWtdcsqZA/AHzucPUTeazQ==</latexit><latexit sha1_base64="qKnXoV72k4iZVYDUz4/7vrkuygY=">AAACCnicbVDLSsNAFJ34rPUVdelmaBFclUQEdVcUwWUFYwtNKJPJtB06jzAzEULo3o2/4sa Filu/wJ1/47TNQlsPXDiccy/33hOnjGrjed/O0vLK6tp6ZaO6ubW9s+vu7d9rmSlMAiyZVJ0YacKoIIGhhpFOqgjiMSPteHQ18dsPRGkqxZ3JUxJxNBC0TzEyVuq5tSJUHF4rJVUIM03FIITDPFY0CSEnZiiTcc+tew1vCrhI/JLUQYlWz/0KE4kzToTBDGnd9b3URAVShmJGxtUw0yRFeIQGpGupQJzoqJj+MoZHVklgXypbwsCp+ nuiQFzrnMe2kyMz1PPeRPzP62amfx4VVKSZIQLPFvUzBo2Ek2BgQhXBhuWWIKyovRXiIVIIGxtf1Ybgz7+8SIKTxkXDvz2tNy/LNCrgENTAMfDBGWiCG9ACAcDgETyDV/DmPDkvzrvzMWtdcsqZA/AHzucPUTeazQ==</latexit>
Figure 2: Comparison of quadrature methods for the single layer potential on a straight line segment with
oscillatory density. For all panels, the dashed lines correspond to the case k = 10 in (81), while the solid
lines correspond to k = 100.
As a final example, we consider a more general task: computation of the double layer potential D[µ](x,∆t)
on a moving ellipse given by {
y1(θ, t) = 20 cos(θ) + 1.5t,
y2(θ, t) = sin(θ),
(0 ≤ θ ≤ 2pi) (82)
The density is chosen to be
µ(y, t) = cos(y1t) + sin(10t). (83)
We evaluate the double layer potential at y = (21.5, 0.0) and t = 1.0 using the same set of methods.
Errors are plotted in Fig. 3.
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Quadrature error for moving ellipse
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<latexit sha1_base64="8bxrHrfyPhGnYg7OzuLQHh31qRI=">AAAB/3icbVDLSsNAFJ34rPUVdeHCzWARXJVEBHVXfIDLCsYWmlAm00k7dB5hZiKUkI2/4saFilt/w51/47TNQlsPXDiccy/33hOnjGrjed/OwuLS8spqZa26vrG5te3u7D5omSlMAiyZVO0YacKoIIGhhpF2qgjiMSOteHg19luPRGkqxb0ZpSTiqC9oQjEyVuq6+3moOLxRSqoQUlGE8LoT8izqujWv7k0A54lfkhoo0ey6X2FP4owTYTBDWnd8LzVRjpShmJGiGmaapAgPUZ90LBWIEx3lkwcKeGSVHkyksiUMnKi/J3LEtR7x2HZyZAZ61huL/3mdzCTnUU5Fmhki8HRRkjFoJBynAXtUEWzYyBKEFbW3QjxACmFjM6vaEPzZl+dJcFK/qPt3p7XGZZlGBRyAQ3AMfHAGGuAWNEEAMCjAM3gFb86T8+K8Ox/T1gWnnNkDf+B8/gBVypXL</latexit><latexit sha1_base64="8bxrHrfyPhGnYg7OzuLQHh31qRI=">AAAB/3icbVDLSsNAFJ34rPUVdeHCzWARXJVEBHVXfIDLCsYWmlAm00k7dB5hZiKUkI2/4saFilt/w51/47TNQlsPXDiccy/33hOnjGrjed/OwuLS8spqZa26vrG5te3u7D5omSlMAiyZVO0YacKoIIGhhpF2qgjiMSOteHg19luPRGkqxb0ZpSTiqC9oQjEyVuq6+3moOLxRSqoQUlGE8LoT8izqujWv7k0A54lfkhoo0ey6X2FP4owTYTBDWnd8LzVRjpShmJGiGmaapAgPUZ90LBWIEx3lkwcKeGSVHkyksiUMnKi/J3LEtR7x2HZyZAZ61huL/3mdzCTnUU5Fmhki8HRRkjFoJBynAXtUEWzYyBKEFbW3QjxACmFjM6vaEPzZl+dJcFK/qPt3p7XGZZlGBRyAQ3AMfHAGGuAWNEEAMCjAM3gFb86T8+K8Ox/T1gWnnNkDf+B8/gBVypXL</latexit><latexit sha1_base64="8bxrHrfyPhGnYg7OzuLQHh31qRI=">AAAB/3icbVDLSsNAFJ34rPUVdeHCzWARXJVEBHVXfIDLCsYWmlAm00k7dB5hZiKUkI2/4saFilt/w51/47TNQlsPXDiccy/33hOnjGrjed/OwuLS8spqZa26vrG5te3u7D5omSlMAiyZVO0YacKoIIGhhpF2qgjiMSOteHg19luPRGkqxb0ZpSTiqC9oQjEyVuq6+3moOLxRSqoQUlGE8LoT8izqujWv7k0A54lfkhoo0ey6X2FP4owTYTBDWnd8LzVRjpShmJGiGmaapAgPUZ90LBWIEx3lkwcKeGSVHkyksiUMnKi/J3LEtR7x2HZyZAZ61huL/3mdzCTnUU5Fmhki8HRRkjFoJBynAXtUEWzYyBKEFbW3QjxACmFjM6vaEPzZl+dJcFK/qPt3p7XGZZlGBRyAQ3AMfHAGGuAWNEEAMCjAM3gFb86T8+K8Ox/T1gWnnNkDf+B8/gBVypXL</latexit><latexit sha1_base64="8bxrHrfyPhGnYg7OzuLQHh31qRI=">AAAB/3icbVDLSsNAFJ34rPUVdeHCzWARXJVEBHVXfIDLCsYWmlAm00k7dB5hZiKUkI2/4saFilt/w51/47TNQlsPXDiccy/33hOnjGrjed/OwuLS8spqZa26vrG5te3u7D5omSlMAiyZVO0YacKoIIGhhpF2qgjiMSOteHg19luPRGkqxb0ZpSTiqC9oQjEyVuq6+3moOLxRSqoQUlGE8LoT8izqujWv7k0A54lfkhoo0ey6X2FP4owTYTBDWnd8LzVRjpShmJGiGmaapAgPUZ90LBWIEx3lkwcKeGSVHkyksiUMnKi/J3LEtR7x2HZyZAZ61huL/3mdzCTnUU5Fmhki8HRRkjFoJBynAXtUEWzYyBKEFbW3QjxACmFjM6vaEPzZl+dJcFK/qPt3p7XGZZlGBRyAQ3AMfHAGGuAWNEEAMCjAM3gFb86T8+K8Ox/T1gWnnNkDf+B8/gBVypXL</latexit>
 t
<latexit sha1_base64="WAGk11vGQDmHNxM7QHLTxfdlqqY=">AAAB7nicbVBNS8NAEN34WetX1aOXxSJ4KokI6q2oB48VjC20oWy2k3b pZhN3J0IJ/RNePKh49fd489+4bXPQ1gcDj/dmmJkXplIYdN1vZ2l5ZXVtvbRR3tza3tmt7O0/mCTTHHyeyES3QmZACgU+CpTQSjWwOJTQDIfXE7/5BNqIRN3jKIUgZn0lIsEZWqnVuQGJjGK3UnVr7hR0kXgFqZICjW7lq9NLeBaDQi6ZMW3PTTHImUbBJYzLncxAyviQ9aFtqWIxmCCf3 jumx1bp0SjRthTSqfp7ImexMaM4tJ0xw4GZ9ybif147w+giyIVKMwTFZ4uiTFJM6OR52hMaOMqRJYxrYW+lfMA042gjKtsQvPmXF4l/WruseXdn1fpVkUaJHJIjckI8ck7q5JY0iE84keSZvJI359F5cd6dj1nrklPMHJA/cD5/APtjj3g=</latexit><latexit sha1_base64="WAGk11vGQDmHNxM7QHLTxfdlqqY=">AAAB7nicbVBNS8NAEN34WetX1aOXxSJ4KokI6q2oB48VjC20oWy2k3b pZhN3J0IJ/RNePKh49fd489+4bXPQ1gcDj/dmmJkXplIYdN1vZ2l5ZXVtvbRR3tza3tmt7O0/mCTTHHyeyES3QmZACgU+CpTQSjWwOJTQDIfXE7/5BNqIRN3jKIUgZn0lIsEZWqnVuQGJjGK3UnVr7hR0kXgFqZICjW7lq9NLeBaDQi6ZMW3PTTHImUbBJYzLncxAyviQ9aFtqWIxmCCf3 jumx1bp0SjRthTSqfp7ImexMaM4tJ0xw4GZ9ybif147w+giyIVKMwTFZ4uiTFJM6OR52hMaOMqRJYxrYW+lfMA042gjKtsQvPmXF4l/WruseXdn1fpVkUaJHJIjckI8ck7q5JY0iE84keSZvJI359F5cd6dj1nrklPMHJA/cD5/APtjj3g=</latexit><latexit sha1_base64="WAGk11vGQDmHNxM7QHLTxfdlqqY=">AAAB7nicbVBNS8NAEN34WetX1aOXxSJ4KokI6q2oB48VjC20oWy2k3b pZhN3J0IJ/RNePKh49fd489+4bXPQ1gcDj/dmmJkXplIYdN1vZ2l5ZXVtvbRR3tza3tmt7O0/mCTTHHyeyES3QmZACgU+CpTQSjWwOJTQDIfXE7/5BNqIRN3jKIUgZn0lIsEZWqnVuQGJjGK3UnVr7hR0kXgFqZICjW7lq9NLeBaDQi6ZMW3PTTHImUbBJYzLncxAyviQ9aFtqWIxmCCf3 jumx1bp0SjRthTSqfp7ImexMaM4tJ0xw4GZ9ybif147w+giyIVKMwTFZ4uiTFJM6OR52hMaOMqRJYxrYW+lfMA042gjKtsQvPmXF4l/WruseXdn1fpVkUaJHJIjckI8ck7q5JY0iE84keSZvJI359F5cd6dj1nrklPMHJA/cD5/APtjj3g=</latexit><latexit sha1_base64="WAGk11vGQDmHNxM7QHLTxfdlqqY=">AAAB7nicbVBNS8NAEN34WetX1aOXxSJ4KokI6q2oB48VjC20oWy2k3b pZhN3J0IJ/RNePKh49fd489+4bXPQ1gcDj/dmmJkXplIYdN1vZ2l5ZXVtvbRR3tza3tmt7O0/mCTTHHyeyES3QmZACgU+CpTQSjWwOJTQDIfXE7/5BNqIRN3jKIUgZn0lIsEZWqnVuQGJjGK3UnVr7hR0kXgFqZICjW7lq9NLeBaDQi6ZMW3PTTHImUbBJYzLncxAyviQ9aFtqWIxmCCf3 jumx1bp0SjRthTSqfp7ImexMaM4tJ0xw4GZ9ybif147w+giyIVKMwTFZ4uiTFJM6OR52hMaOMqRJYxrYW+lfMA042gjKtsQvPmXF4l/WruseXdn1fpVkUaJHJIjckI8ck7q5JY0iE84keSZvJI359F5cd6dj1nrklPMHJA/cD5/APtjj3g=</latexit>
asymp
<latexit sha1_base64="ZAoXRqYAibj0PXphc58DemPUu9M=">AAA B63icbVBNS8NAFHypX7V+VT16WSyCp5KIUL0VvXisYGyhDeVlu2mXbjZhdyOU0N/gxYOKV/+QN/+N2zYHbR1YGGbeY+dNmAqujet+O6W19Y3N rfJ2ZWd3b/+genj0qJNMUebTRCSqE6JmgkvmG24E66SKYRwK1g7HtzO//cSU5ol8MJOUBTEOJY84RWMlH/UkTvvVmlt35yCrxCtIDQq0+tWv3i ChWcykoQK17npuaoIcleFUsGmll2mWIh3jkHUtlRgzHeTzsFNyZpUBiRJlnzRkrv7eyDHWNlVoJ2M0I73szcT/vG5moqsg5zLNDJN08VGUCWI SMrucDLhi1IiJJUgVt1kJHaFCamw/FVuCt3zyKvEv6td17/6y1rwp2ijDCZzCOXjQgCbcQQt8oMDhGV7hzZHOi/PufCxGS06xcwx/4Hz+AHy2 jqo=</latexit><latexit sha1_base64="ZAoXRqYAibj0PXphc58DemPUu9M=">AAA B63icbVBNS8NAFHypX7V+VT16WSyCp5KIUL0VvXisYGyhDeVlu2mXbjZhdyOU0N/gxYOKV/+QN/+N2zYHbR1YGGbeY+dNmAqujet+O6W19Y3N rfJ2ZWd3b/+genj0qJNMUebTRCSqE6JmgkvmG24E66SKYRwK1g7HtzO//cSU5ol8MJOUBTEOJY84RWMlH/UkTvvVmlt35yCrxCtIDQq0+tWv3i ChWcykoQK17npuaoIcleFUsGmll2mWIh3jkHUtlRgzHeTzsFNyZpUBiRJlnzRkrv7eyDHWNlVoJ2M0I73szcT/vG5moqsg5zLNDJN08VGUCWI SMrucDLhi1IiJJUgVt1kJHaFCamw/FVuCt3zyKvEv6td17/6y1rwp2ijDCZzCOXjQgCbcQQt8oMDhGV7hzZHOi/PufCxGS06xcwx/4Hz+AHy2 jqo=</latexit><latexit sha1_base64="ZAoXRqYAibj0PXphc58DemPUu9M=">AAA B63icbVBNS8NAFHypX7V+VT16WSyCp5KIUL0VvXisYGyhDeVlu2mXbjZhdyOU0N/gxYOKV/+QN/+N2zYHbR1YGGbeY+dNmAqujet+O6W19Y3N rfJ2ZWd3b/+genj0qJNMUebTRCSqE6JmgkvmG24E66SKYRwK1g7HtzO//cSU5ol8MJOUBTEOJY84RWMlH/UkTvvVmlt35yCrxCtIDQq0+tWv3i ChWcykoQK17npuaoIcleFUsGmll2mWIh3jkHUtlRgzHeTzsFNyZpUBiRJlnzRkrv7eyDHWNlVoJ2M0I73szcT/vG5moqsg5zLNDJN08VGUCWI SMrucDLhi1IiJJUgVt1kJHaFCamw/FVuCt3zyKvEv6td17/6y1rwp2ijDCZzCOXjQgCbcQQt8oMDhGV7hzZHOi/PufCxGS06xcwx/4Hz+AHy2 jqo=</latexit><latexit sha1_base64="ZAoXRqYAibj0PXphc58DemPUu9M=">AAA B63icbVBNS8NAFHypX7V+VT16WSyCp5KIUL0VvXisYGyhDeVlu2mXbjZhdyOU0N/gxYOKV/+QN/+N2zYHbR1YGGbeY+dNmAqujet+O6W19Y3N rfJ2ZWd3b/+genj0qJNMUebTRCSqE6JmgkvmG24E66SKYRwK1g7HtzO//cSU5ol8MJOUBTEOJY84RWMlH/UkTvvVmlt35yCrxCtIDQq0+tWv3i ChWcykoQK17npuaoIcleFUsGmll2mWIh3jkHUtlRgzHeTzsFNyZpUBiRJlnzRkrv7eyDHWNlVoJ2M0I73szcT/vG5moqsg5zLNDJN08VGUCWI SMrucDLhi1IiJJUgVt1kJHaFCamw/FVuCt3zyKvEv6td17/6y1rwp2ijDCZzCOXjQgCbcQQt8oMDhGV7hzZHOi/PufCxGS06xcwx/4Hz+AHy2 jqo=</latexit>
GJ4
<latexit sha1_base64="q95BrC602qvpWFYl1JRoZ92mBFU=">AAAB6XicbVBNS8NAE J3Ur1q/qh69LBbBU0lEUG9FD4qnisYW2lA222m7dLMJuxuhhP4ELx5UvPqPvPlv3LY5aOuDgcd7M8zMCxPBtXHdb6ewtLyyulZcL21sbm3vlHf3HnWcKoY+i0WsmiHVKLhE33AjsJk opFEosBEOryZ+4wmV5rF8MKMEg4j2Je9xRo2V7q9vTzvlilt1pyCLxMtJBXLUO+WvdjdmaYTSMEG1bnluYoKMKsOZwHGpnWpMKBvSPrYslTRCHWTTU8fkyCpd0ouVLWnIVP09kdFI6 1EU2s6ImoGe9ybif14rNb3zIOMySQ1KNlvUSwUxMZn8TbpcITNiZAllittbCRtQRZmx6ZRsCN78y4vEP6leVL2700rtMk+jCAdwCMfgwRnU4Abq4AODPjzDK7w5wnlx3p2PWWvByW f24Q+czx8TtY0x</latexit><latexit sha1_base64="q95BrC602qvpWFYl1JRoZ92mBFU=">AAAB6XicbVBNS8NAE J3Ur1q/qh69LBbBU0lEUG9FD4qnisYW2lA222m7dLMJuxuhhP4ELx5UvPqPvPlv3LY5aOuDgcd7M8zMCxPBtXHdb6ewtLyyulZcL21sbm3vlHf3HnWcKoY+i0WsmiHVKLhE33AjsJk opFEosBEOryZ+4wmV5rF8MKMEg4j2Je9xRo2V7q9vTzvlilt1pyCLxMtJBXLUO+WvdjdmaYTSMEG1bnluYoKMKsOZwHGpnWpMKBvSPrYslTRCHWTTU8fkyCpd0ouVLWnIVP09kdFI6 1EU2s6ImoGe9ybif14rNb3zIOMySQ1KNlvUSwUxMZn8TbpcITNiZAllittbCRtQRZmx6ZRsCN78y4vEP6leVL2700rtMk+jCAdwCMfgwRnU4Abq4AODPjzDK7w5wnlx3p2PWWvByW f24Q+czx8TtY0x</latexit><latexit sha1_base64="q95BrC602qvpWFYl1JRoZ92mBFU=">AAAB6XicbVBNS8NAE J3Ur1q/qh69LBbBU0lEUG9FD4qnisYW2lA222m7dLMJuxuhhP4ELx5UvPqPvPlv3LY5aOuDgcd7M8zMCxPBtXHdb6ewtLyyulZcL21sbm3vlHf3HnWcKoY+i0WsmiHVKLhE33AjsJk opFEosBEOryZ+4wmV5rF8MKMEg4j2Je9xRo2V7q9vTzvlilt1pyCLxMtJBXLUO+WvdjdmaYTSMEG1bnluYoKMKsOZwHGpnWpMKBvSPrYslTRCHWTTU8fkyCpd0ouVLWnIVP09kdFI6 1EU2s6ImoGe9ybif14rNb3zIOMySQ1KNlvUSwUxMZn8TbpcITNiZAllittbCRtQRZmx6ZRsCN78y4vEP6leVL2700rtMk+jCAdwCMfgwRnU4Abq4AODPjzDK7w5wnlx3p2PWWvByW f24Q+czx8TtY0x</latexit><latexit sha1_base64="q95BrC602qvpWFYl1JRoZ92mBFU=">AAAB6XicbVBNS8NAE J3Ur1q/qh69LBbBU0lEUG9FD4qnisYW2lA222m7dLMJuxuhhP4ELx5UvPqPvPlv3LY5aOuDgcd7M8zMCxPBtXHdb6ewtLyyulZcL21sbm3vlHf3HnWcKoY+i0WsmiHVKLhE33AjsJk opFEosBEOryZ+4wmV5rF8MKMEg4j2Je9xRo2V7q9vTzvlilt1pyCLxMtJBXLUO+WvdjdmaYTSMEG1bnluYoKMKsOZwHGpnWpMKBvSPrYslTRCHWTTU8fkyCpd0ouVLWnIVP09kdFI6 1EU2s6ImoGe9ybif14rNb3zIOMySQ1KNlvUSwUxMZn8TbpcITNiZAllittbCRtQRZmx6ZRsCN78y4vEP6leVL2700rtMk+jCAdwCMfgwRnU4Abq4AODPjzDK7w5wnlx3p2PWWvByW f24Q+czx8TtY0x</latexit>
GJ8
<latexit sha1_base64="GbojQaLYWA5vKzWLUPfZQetq90w=">AAAB6XicbVBNS8NA EJ3Ur1q/qh69LBbBU0lEsN6KHhRPFY0ttKFsttt26WYTdidCCf0JXjyoePUfefPfuG1z0OqDgcd7M8zMCxMpDLrul1NYWl5ZXSuulzY2t7Z3yrt7DyZONeM+i2WsWyE1XArFfRQo eSvRnEah5M1wdDn1m49cGxGrexwnPIjoQIm+YBStdHd1U+uWK27VnYH8JV5OKpCj0S1/dnoxSyOukElqTNtzEwwyqlEwySelTmp4QtmIDnjbUkUjboJsduqEHFmlR/qxtqWQzNSf ExmNjBlHoe2MKA7NojcV//PaKfZrQSZUkiJXbL6on0qCMZn+TXpCc4ZybAllWthbCRtSTRnadEo2BG/x5b/EP6meV73b00r9Ik+jCAdwCMfgwRnU4Roa4AODATzBC7w60nl23pz 3eWvByWf24Recj28ZwY01</latexit><latexit sha1_base64="GbojQaLYWA5vKzWLUPfZQetq90w=">AAAB6XicbVBNS8NA EJ3Ur1q/qh69LBbBU0lEsN6KHhRPFY0ttKFsttt26WYTdidCCf0JXjyoePUfefPfuG1z0OqDgcd7M8zMCxMpDLrul1NYWl5ZXSuulzY2t7Z3yrt7DyZONeM+i2WsWyE1XArFfRQo eSvRnEah5M1wdDn1m49cGxGrexwnPIjoQIm+YBStdHd1U+uWK27VnYH8JV5OKpCj0S1/dnoxSyOukElqTNtzEwwyqlEwySelTmp4QtmIDnjbUkUjboJsduqEHFmlR/qxtqWQzNSf ExmNjBlHoe2MKA7NojcV//PaKfZrQSZUkiJXbL6on0qCMZn+TXpCc4ZybAllWthbCRtSTRnadEo2BG/x5b/EP6meV73b00r9Ik+jCAdwCMfgwRnU4Roa4AODATzBC7w60nl23pz 3eWvByWf24Recj28ZwY01</latexit><latexit sha1_base64="GbojQaLYWA5vKzWLUPfZQetq90w=">AAAB6XicbVBNS8NA EJ3Ur1q/qh69LBbBU0lEsN6KHhRPFY0ttKFsttt26WYTdidCCf0JXjyoePUfefPfuG1z0OqDgcd7M8zMCxMpDLrul1NYWl5ZXSuulzY2t7Z3yrt7DyZONeM+i2WsWyE1XArFfRQo eSvRnEah5M1wdDn1m49cGxGrexwnPIjoQIm+YBStdHd1U+uWK27VnYH8JV5OKpCj0S1/dnoxSyOukElqTNtzEwwyqlEwySelTmp4QtmIDnjbUkUjboJsduqEHFmlR/qxtqWQzNSf ExmNjBlHoe2MKA7NojcV//PaKfZrQSZUkiJXbL6on0qCMZn+TXpCc4ZybAllWthbCRtSTRnadEo2BG/x5b/EP6meV73b00r9Ik+jCAdwCMfgwRnU4Roa4AODATzBC7w60nl23pz 3eWvByWf24Recj28ZwY01</latexit><latexit sha1_base64="GbojQaLYWA5vKzWLUPfZQetq90w=">AAAB6XicbVBNS8NA EJ3Ur1q/qh69LBbBU0lEsN6KHhRPFY0ttKFsttt26WYTdidCCf0JXjyoePUfefPfuG1z0OqDgcd7M8zMCxMpDLrul1NYWl5ZXSuulzY2t7Z3yrt7DyZONeM+i2WsWyE1XArFfRQo eSvRnEah5M1wdDn1m49cGxGrexwnPIjoQIm+YBStdHd1U+uWK27VnYH8JV5OKpCj0S1/dnoxSyOukElqTNtzEwwyqlEwySelTmp4QtmIDnjbUkUjboJsduqEHFmlR/qxtqWQzNSf ExmNjBlHoe2MKA7NojcV//PaKfZrQSZUkiJXbL6on0qCMZn+TXpCc4ZybAllWthbCRtSTRnadEo2BG/x5b/EP6meV73b00r9Ik+jCAdwCMfgwRnU4Roa4AODATzBC7w60nl23pz 3eWvByWf24Recj28ZwY01</latexit>
GJ16
<latexit sha1_base64="1UGrIJOdsc5j9eocf/rp/VCHn2I=">AAAB6nicbVBNS8NAEJ3 Ur1q/qh69LBbBU0lE/LgVPSieKhhbaEPZbDft0t1N2N0IJfQvePGg4tVf5M1/46bNQVsfDDzem2FmXphwpo3rfjulpeWV1bXyemVjc2t7p7q796jjVBHqk5jHqh1iTTmT1DfMcNpOFMUi 5LQVjq5zv/VElWaxfDDjhAYCDySLGMEml27uvLNetebW3SnQIvEKUoMCzV71q9uPSSqoNIRjrTuem5ggw8owwumk0k01TTAZ4QHtWCqxoDrIprdO0JFV+iiKlS1p0FT9PZFhofVYhLZT YDPU814u/ud1UhNdBBmTSWqoJLNFUcqRiVH+OOozRYnhY0swUczeisgQK0yMjadiQ/DmX14k/kn9su7dn9YaV0UaZTiAQzgGD86hAbfQBB8IDOEZXuHNEc6L8+58zFpLTjGzD3/gfP4Ah neNbg==</latexit><latexit sha1_base64="1UGrIJOdsc5j9eocf/rp/VCHn2I=">AAAB6nicbVBNS8NAEJ3 Ur1q/qh69LBbBU0lE/LgVPSieKhhbaEPZbDft0t1N2N0IJfQvePGg4tVf5M1/46bNQVsfDDzem2FmXphwpo3rfjulpeWV1bXyemVjc2t7p7q796jjVBHqk5jHqh1iTTmT1DfMcNpOFMUi 5LQVjq5zv/VElWaxfDDjhAYCDySLGMEml27uvLNetebW3SnQIvEKUoMCzV71q9uPSSqoNIRjrTuem5ggw8owwumk0k01TTAZ4QHtWCqxoDrIprdO0JFV+iiKlS1p0FT9PZFhofVYhLZT YDPU814u/ud1UhNdBBmTSWqoJLNFUcqRiVH+OOozRYnhY0swUczeisgQK0yMjadiQ/DmX14k/kn9su7dn9YaV0UaZTiAQzgGD86hAbfQBB8IDOEZXuHNEc6L8+58zFpLTjGzD3/gfP4Ah neNbg==</latexit><latexit sha1_base64="1UGrIJOdsc5j9eocf/rp/VCHn2I=">AAAB6nicbVBNS8NAEJ3 Ur1q/qh69LBbBU0lE/LgVPSieKhhbaEPZbDft0t1N2N0IJfQvePGg4tVf5M1/46bNQVsfDDzem2FmXphwpo3rfjulpeWV1bXyemVjc2t7p7q796jjVBHqk5jHqh1iTTmT1DfMcNpOFMUi 5LQVjq5zv/VElWaxfDDjhAYCDySLGMEml27uvLNetebW3SnQIvEKUoMCzV71q9uPSSqoNIRjrTuem5ggw8owwumk0k01TTAZ4QHtWCqxoDrIprdO0JFV+iiKlS1p0FT9PZFhofVYhLZT YDPU814u/ud1UhNdBBmTSWqoJLNFUcqRiVH+OOozRYnhY0swUczeisgQK0yMjadiQ/DmX14k/kn9su7dn9YaV0UaZTiAQzgGD86hAbfQBB8IDOEZXuHNEc6L8+58zFpLTjGzD3/gfP4Ah neNbg==</latexit><latexit sha1_base64="1UGrIJOdsc5j9eocf/rp/VCHn2I=">AAAB6nicbVBNS8NAEJ3 Ur1q/qh69LBbBU0lE/LgVPSieKhhbaEPZbDft0t1N2N0IJfQvePGg4tVf5M1/46bNQVsfDDzem2FmXphwpo3rfjulpeWV1bXyemVjc2t7p7q796jjVBHqk5jHqh1iTTmT1DfMcNpOFMUi 5LQVjq5zv/VElWaxfDDjhAYCDySLGMEml27uvLNetebW3SnQIvEKUoMCzV71q9uPSSqoNIRjrTuem5ggw8owwumk0k01TTAZ4QHtWCqxoDrIprdO0JFV+iiKlS1p0FT9PZFhofVYhLZT YDPU814u/ud1UhNdBBmTSWqoJLNFUcqRiVH+OOozRYnhY0swUczeisgQK0yMjadiQ/DmX14k/kn9su7dn9YaV0UaZTiAQzgGD86hAbfQBB8IDOEZXuHNEc6L8+58zFpLTjGzD3/gfP4Ah neNbg==</latexit>
4 point
<latexit sha1_base64="c0S6yxkwmdjiuSgK3gc2eYqiB+g=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUG9FLx4rGFtoQ9lsN+3Sz SbuToQS+ie8eFDx6u/x5r9x2+agrQ8GHu/NMDMvTKUw6LrfTmlldW19o7xZ2dre2d2r7h88mCTTjPsskYluh9RwKRT3UaDk7VRzGoeSt8LRzdRvPXFtRKLucZzyIKYDJSLBKFqpfd4laSIU9qo1t+7OQJaJV5AaFGj2ql/dfsKymCtkkhrT8dwUg5xqFEzySaWbGZ5SNqID3rFU0ZibIJ/dOy EnVumTKNG2FJKZ+nsip7Ex4zi0nTHFoVn0puJ/XifD6DLIhUoz5IrNF0WZJJiQ6fOkLzRnKMeWUKaFvZWwIdWUoY2oYkPwFl9eJv5Z/aru3Z3XGtdFGmU4gmM4BQ8uoAG30AQfGEh4hld4cx6dF+fd+Zi3lpxi5hD+wPn8Afnhj3g=</latexit><latexit sha1_base64="c0S6yxkwmdjiuSgK3gc2eYqiB+g=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUG9FLx4rGFtoQ9lsN+3Sz SbuToQS+ie8eFDx6u/x5r9x2+agrQ8GHu/NMDMvTKUw6LrfTmlldW19o7xZ2dre2d2r7h88mCTTjPsskYluh9RwKRT3UaDk7VRzGoeSt8LRzdRvPXFtRKLucZzyIKYDJSLBKFqpfd4laSIU9qo1t+7OQJaJV5AaFGj2ql/dfsKymCtkkhrT8dwUg5xqFEzySaWbGZ5SNqID3rFU0ZibIJ/dOy EnVumTKNG2FJKZ+nsip7Ex4zi0nTHFoVn0puJ/XifD6DLIhUoz5IrNF0WZJJiQ6fOkLzRnKMeWUKaFvZWwIdWUoY2oYkPwFl9eJv5Z/aru3Z3XGtdFGmU4gmM4BQ8uoAG30AQfGEh4hld4cx6dF+fd+Zi3lpxi5hD+wPn8Afnhj3g=</latexit><latexit sha1_base64="c0S6yxkwmdjiuSgK3gc2eYqiB+g=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUG9FLx4rGFtoQ9lsN+3Sz SbuToQS+ie8eFDx6u/x5r9x2+agrQ8GHu/NMDMvTKUw6LrfTmlldW19o7xZ2dre2d2r7h88mCTTjPsskYluh9RwKRT3UaDk7VRzGoeSt8LRzdRvPXFtRKLucZzyIKYDJSLBKFqpfd4laSIU9qo1t+7OQJaJV5AaFGj2ql/dfsKymCtkkhrT8dwUg5xqFEzySaWbGZ5SNqID3rFU0ZibIJ/dOy EnVumTKNG2FJKZ+nsip7Ex4zi0nTHFoVn0puJ/XifD6DLIhUoz5IrNF0WZJJiQ6fOkLzRnKMeWUKaFvZWwIdWUoY2oYkPwFl9eJv5Z/aru3Z3XGtdFGmU4gmM4BQ8uoAG30AQfGEh4hld4cx6dF+fd+Zi3lpxi5hD+wPn8Afnhj3g=</latexit><latexit sha1_base64="c0S6yxkwmdjiuSgK3gc2eYqiB+g=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUG9FLx4rGFtoQ9lsN+3Sz SbuToQS+ie8eFDx6u/x5r9x2+agrQ8GHu/NMDMvTKUw6LrfTmlldW19o7xZ2dre2d2r7h88mCTTjPsskYluh9RwKRT3UaDk7VRzGoeSt8LRzdRvPXFtRKLucZzyIKYDJSLBKFqpfd4laSIU9qo1t+7OQJaJV5AaFGj2ql/dfsKymCtkkhrT8dwUg5xqFEzySaWbGZ5SNqID3rFU0ZibIJ/dOy EnVumTKNG2FJKZ+nsip7Ex4zi0nTHFoVn0puJ/XifD6DLIhUoz5IrNF0WZJJiQ6fOkLzRnKMeWUKaFvZWwIdWUoY2oYkPwFl9eJv5Z/aru3Z3XGtdFGmU4gmM4BQ8uoAG30AQfGEh4hld4cx6dF+fd+Zi3lpxi5hD+wPn8Afnhj3g=</latexit>
8 point
<latexit sha1_base64="A88JPyyHbtZpUvCKdK2sVy7903I=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEsN6KXjxWMFpoQ9lsN+3Sz SbuToQS+ie8eFDx6u/x5r9x2+agrQ8GHu/NMDMvTKUw6LrfTmlldW19o7xZ2dre2d2r7h/cmyTTjPsskYluh9RwKRT3UaDk7VRzGoeSP4Sj66n/8MS1EYm6w3HKg5gOlIgEo2ildqNL0kQo7FVrbt2dgSwTryA1KNDqVb+6/YRlMVfIJDWm47kpBjnVKJjkk0o3MzylbEQHvGOpojE3QT67d0 JOrNInUaJtKSQz9fdETmNjxnFoO2OKQ7PoTcX/vE6GUSPIhUoz5IrNF0WZJJiQ6fOkLzRnKMeWUKaFvZWwIdWUoY2oYkPwFl9eJv5Z/bLu3Z7XmldFGmU4gmM4BQ8uoAk30AIfGEh4hld4cx6dF+fd+Zi3lpxi5hD+wPn8AQAYj3w=</latexit><latexit sha1_base64="A88JPyyHbtZpUvCKdK2sVy7903I=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEsN6KXjxWMFpoQ9lsN+3Sz SbuToQS+ie8eFDx6u/x5r9x2+agrQ8GHu/NMDMvTKUw6LrfTmlldW19o7xZ2dre2d2r7h/cmyTTjPsskYluh9RwKRT3UaDk7VRzGoeSP4Sj66n/8MS1EYm6w3HKg5gOlIgEo2ildqNL0kQo7FVrbt2dgSwTryA1KNDqVb+6/YRlMVfIJDWm47kpBjnVKJjkk0o3MzylbEQHvGOpojE3QT67d0 JOrNInUaJtKSQz9fdETmNjxnFoO2OKQ7PoTcX/vE6GUSPIhUoz5IrNF0WZJJiQ6fOkLzRnKMeWUKaFvZWwIdWUoY2oYkPwFl9eJv5Z/bLu3Z7XmldFGmU4gmM4BQ8uoAk30AIfGEh4hld4cx6dF+fd+Zi3lpxi5hD+wPn8AQAYj3w=</latexit><latexit sha1_base64="A88JPyyHbtZpUvCKdK2sVy7903I=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEsN6KXjxWMFpoQ9lsN+3Sz SbuToQS+ie8eFDx6u/x5r9x2+agrQ8GHu/NMDMvTKUw6LrfTmlldW19o7xZ2dre2d2r7h/cmyTTjPsskYluh9RwKRT3UaDk7VRzGoeSP4Sj66n/8MS1EYm6w3HKg5gOlIgEo2ildqNL0kQo7FVrbt2dgSwTryA1KNDqVb+6/YRlMVfIJDWm47kpBjnVKJjkk0o3MzylbEQHvGOpojE3QT67d0 JOrNInUaJtKSQz9fdETmNjxnFoO2OKQ7PoTcX/vE6GUSPIhUoz5IrNF0WZJJiQ6fOkLzRnKMeWUKaFvZWwIdWUoY2oYkPwFl9eJv5Z/bLu3Z7XmldFGmU4gmM4BQ8uoAk30AIfGEh4hld4cx6dF+fd+Zi3lpxi5hD+wPn8AQAYj3w=</latexit><latexit sha1_base64="A88JPyyHbtZpUvCKdK2sVy7903I=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEsN6KXjxWMFpoQ9lsN+3Sz SbuToQS+ie8eFDx6u/x5r9x2+agrQ8GHu/NMDMvTKUw6LrfTmlldW19o7xZ2dre2d2r7h/cmyTTjPsskYluh9RwKRT3UaDk7VRzGoeSP4Sj66n/8MS1EYm6w3HKg5gOlIgEo2ildqNL0kQo7FVrbt2dgSwTryA1KNDqVb+6/YRlMVfIJDWm47kpBjnVKJjkk0o3MzylbEQHvGOpojE3QT67d0 JOrNInUaJtKSQz9fdETmNjxnFoO2OKQ7PoTcX/vE6GUSPIhUoz5IrNF0WZJJiQ6fOkLzRnKMeWUKaFvZWwIdWUoY2oYkPwFl9eJv5Z/bLu3Z7XmldFGmU4gmM4BQ8uoAk30AIfGEh4hld4cx6dF+fd+Zi3lpxi5hD+wPn8AQAYj3w=</latexit>
16 point
<latexit sha1_base64="oCP9M0BorXRrKJA616ooAxwodFY=">AAAB73icbVDLSgNBEJyNrxhfUY9eBoPgKeyK+LgFvXiM4JpIsoTZyWwyZB7 LTK8QlnyFFw8qXv0db/6Nk2QPGi1oKKq66e6KU8Et+P6XV1paXlldK69XNja3tnequ3v3VmeGspBqoU07JpYJrlgIHARrp4YRGQvWikfXU7/1yIzlWt3BOGWRJAPFE04JOOkhOOviVHMFvWrNr/sz4L8kKEgNFWj2qp/dvqaZZAqoINZ2Aj+FKCcGOBVsUulmlqWEjsiAdRxVRDIb5bODJ/jIKX2 caONKAZ6pPydyIq0dy9h1SgJDu+hNxf+8TgbJRZRzlWbAFJ0vSjKBQePp97jPDaMgxo4Qari7FdMhMYSCy6jiQggWX/5LwpP6ZT24Pa01roo0yugAHaJjFKBz1EA3qIlCRJFET+gFvXrGe/bevPd5a8krZvbRL3gf322Qj7U=</latexit><latexit sha1_base64="oCP9M0BorXRrKJA616ooAxwodFY=">AAAB73icbVDLSgNBEJyNrxhfUY9eBoPgKeyK+LgFvXiM4JpIsoTZyWwyZB7 LTK8QlnyFFw8qXv0db/6Nk2QPGi1oKKq66e6KU8Et+P6XV1paXlldK69XNja3tnequ3v3VmeGspBqoU07JpYJrlgIHARrp4YRGQvWikfXU7/1yIzlWt3BOGWRJAPFE04JOOkhOOviVHMFvWrNr/sz4L8kKEgNFWj2qp/dvqaZZAqoINZ2Aj+FKCcGOBVsUulmlqWEjsiAdRxVRDIb5bODJ/jIKX2 caONKAZ6pPydyIq0dy9h1SgJDu+hNxf+8TgbJRZRzlWbAFJ0vSjKBQePp97jPDaMgxo4Qari7FdMhMYSCy6jiQggWX/5LwpP6ZT24Pa01roo0yugAHaJjFKBz1EA3qIlCRJFET+gFvXrGe/bevPd5a8krZvbRL3gf322Qj7U=</latexit><latexit sha1_base64="oCP9M0BorXRrKJA616ooAxwodFY=">AAAB73icbVDLSgNBEJyNrxhfUY9eBoPgKeyK+LgFvXiM4JpIsoTZyWwyZB7 LTK8QlnyFFw8qXv0db/6Nk2QPGi1oKKq66e6KU8Et+P6XV1paXlldK69XNja3tnequ3v3VmeGspBqoU07JpYJrlgIHARrp4YRGQvWikfXU7/1yIzlWt3BOGWRJAPFE04JOOkhOOviVHMFvWrNr/sz4L8kKEgNFWj2qp/dvqaZZAqoINZ2Aj+FKCcGOBVsUulmlqWEjsiAdRxVRDIb5bODJ/jIKX2 caONKAZ6pPydyIq0dy9h1SgJDu+hNxf+8TgbJRZRzlWbAFJ0vSjKBQePp97jPDaMgxo4Qari7FdMhMYSCy6jiQggWX/5LwpP6ZT24Pa01roo0yugAHaJjFKBz1EA3qIlCRJFET+gFvXrGe/bevPd5a8krZvbRL3gf322Qj7U=</latexit><latexit sha1_base64="oCP9M0BorXRrKJA616ooAxwodFY=">AAAB73icbVDLSgNBEJyNrxhfUY9eBoPgKeyK+LgFvXiM4JpIsoTZyWwyZB7 LTK8QlnyFFw8qXv0db/6Nk2QPGi1oKKq66e6KU8Et+P6XV1paXlldK69XNja3tnequ3v3VmeGspBqoU07JpYJrlgIHARrp4YRGQvWikfXU7/1yIzlWt3BOGWRJAPFE04JOOkhOOviVHMFvWrNr/sz4L8kKEgNFWj2qp/dvqaZZAqoINZ2Aj+FKCcGOBVsUulmlqWEjsiAdRxVRDIb5bODJ/jIKX2 caONKAZ6pPydyIq0dy9h1SgJDu+hNxf+8TgbJRZRzlWbAFJ0vSjKBQePp97jPDaMgxo4Qari7FdMhMYSCy6jiQggWX/5LwpP6ZT24Pa01roo0yugAHaJjFKBz1EA3qIlCRJFET+gFvXrGe/bevPd5a8krZvbRL3gf322Qj7U=</latexit>
Error using hybrid method
<latexit sha1_base64="qKnXoV72k4iZVYDUz4/7vrkuygY=">AAACCnicbVDLSsNAFJ34rPUVdelmaBFclUQEd VcUwWUFYwtNKJPJtB06jzAzEULo3o2/4saFilu/wJ1/47TNQlsPXDiccy/33hOnjGrjed/O0vLK6tp6ZaO6ubW9s+vu7d9rmSlMAiyZVJ0YacKoIIGhhpFOqgjiMSPteHQ18dsPRGkqxZ3JUxJxNBC0TzEyVuq5tSJUHF4rJVUIM03FIIT DPFY0CSEnZiiTcc+tew1vCrhI/JLUQYlWz/0KE4kzToTBDGnd9b3URAVShmJGxtUw0yRFeIQGpGupQJzoqJj+MoZHVklgXypbwsCp+nuiQFzrnMe2kyMz1PPeRPzP62amfx4VVKSZIQLPFvUzBo2Ek2BgQhXBhuWWIKyovRXiIVIIGxtf 1Ybgz7+8SIKTxkXDvz2tNy/LNCrgENTAMfDBGWiCG9ACAcDgETyDV/DmPDkvzrvzMWtdcsqZA/AHzucPUTeazQ==</latexit><latexit sha1_base64="qKnXoV72k4iZVYDUz4/7vrkuygY=">AAACCnicbVDLSsNAFJ34rPUVdelmaBFclUQEd VcUwWUFYwtNKJPJtB06jzAzEULo3o2/4saFilu/wJ1/47TNQlsPXDiccy/33hOnjGrjed/O0vLK6tp6ZaO6ubW9s+vu7d9rmSlMAiyZVJ0YacKoIIGhhpFOqgjiMSPteHQ18dsPRGkqxZ3JUxJxNBC0TzEyVuq5tSJUHF4rJVUIM03FIIT DPFY0CSEnZiiTcc+tew1vCrhI/JLUQYlWz/0KE4kzToTBDGnd9b3URAVShmJGxtUw0yRFeIQGpGupQJzoqJj+MoZHVklgXypbwsCp+nuiQFzrnMe2kyMz1PPeRPzP62amfx4VVKSZIQLPFvUzBo2Ek2BgQhXBhuWWIKyovRXiIVIIGxtf 1Ybgz7+8SIKTxkXDvz2tNy/LNCrgENTAMfDBGWiCG9ACAcDgETyDV/DmPDkvzrvzMWtdcsqZA/AHzucPUTeazQ==</latexit><latexit sha1_base64="qKnXoV72k4iZVYDUz4/7vrkuygY=">AAACCnicbVDLSsNAFJ34rPUVdelmaBFclUQEd VcUwWUFYwtNKJPJtB06jzAzEULo3o2/4saFilu/wJ1/47TNQlsPXDiccy/33hOnjGrjed/O0vLK6tp6ZaO6ubW9s+vu7d9rmSlMAiyZVJ0YacKoIIGhhpFOqgjiMSPteHQ18dsPRGkqxZ3JUxJxNBC0TzEyVuq5tSJUHF4rJVUIM03FIIT DPFY0CSEnZiiTcc+tew1vCrhI/JLUQYlWz/0KE4kzToTBDGnd9b3URAVShmJGxtUw0yRFeIQGpGupQJzoqJj+MoZHVklgXypbwsCp+nuiQFzrnMe2kyMz1PPeRPzP62amfx4VVKSZIQLPFvUzBo2Ek2BgQhXBhuWWIKyovRXiIVIIGxtf 1Ybgz7+8SIKTxkXDvz2tNy/LNCrgENTAMfDBGWiCG9ACAcDgETyDV/DmPDkvzrvzMWtdcsqZA/AHzucPUTeazQ==</latexit><latexit sha1_base64="qKnXoV72k4iZVYDUz4/7vrkuygY=">AAACCnicbVDLSsNAFJ34rPUVdelmaBFclUQEd VcUwWUFYwtNKJPJtB06jzAzEULo3o2/4saFilu/wJ1/47TNQlsPXDiccy/33hOnjGrjed/O0vLK6tp6ZaO6ubW9s+vu7d9rmSlMAiyZVJ0YacKoIIGhhpFOqgjiMSPteHQ18dsPRGkqxZ3JUxJxNBC0TzEyVuq5tSJUHF4rJVUIM03FIIT DPFY0CSEnZiiTcc+tew1vCrhI/JLUQYlWz/0KE4kzToTBDGnd9b3URAVShmJGxtUw0yRFeIQGpGupQJzoqJj+MoZHVklgXypbwsCp+nuiQFzrnMe2kyMz1PPeRPzP62amfx4VVKSZIQLPFvUzBo2Ek2BgQhXBhuWWIKyovRXiIVIIGxtf 1Ybgz7+8SIKTxkXDvz2tNy/LNCrgENTAMfDBGWiCG9ACAcDgETyDV/DmPDkvzrvzMWtdcsqZA/AHzucPUTeazQ==</latexit>
Figure 3: Comparison of quadrature methods for the double layer potential on a moving ellipse with oscil-
latory density given by (83).
Asymptotic/numerical methods for layer heat potentials 15
5 Conclusions
We have developed a new method for the evaluation of layer heat potentials in two dimensions. By making
use of an exponential change of variables, we overcome the phenomenon of “geometrically-induced stiffness,”
which prevents the robust application of high order Gauss-Jacobi type quadrature rules. In our hybrid
scheme, we combine a local asymptotic approximation with Gauss-Legendre quadrature in the transformed
time variable. The corresponding spatial boundary integral operators involve only Gaussian kernels, per-
mitting the application of the fast Gauss transform [20]. The scheme is easy to use with moving boundaries
and precisely the same rule can be used in three dimensions with respect to the time variable. A full solver
for the heat equation in fixed and moving geometries, incorporating the scheme of the present paper, will be
described at a later date.
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A Stirling’s formula, Cramer’s inequality and Gauss-Legendre quadra-
ture
In the proof of Theorem 2 we make use of Stirling’s formula.
√
2pi
(n
e
)n√
n ≤ n! ≤ e
(n
e
)n√
n. (84)
From this, it is staightforward to derive the following
Corollary 5. Let n ∈ N, we have: √
(2n)! ≤ Cn1/4(2n− 1)!! , (85)
where C > 0 is a constant.
We also use Cramer’s inequality [11].
Lemma 5. Let hn(t) be the n− th order Hermite function, defined by
hn(t) = (−1)nDne−t2 . (86)
Then
|hn(t)| ≤ K2n/2
√
n!e−t
2/2, (87)
where K is some constant with numerical value K ≤ 1.09.
The following lemma is a direct consequence of Leibniz’s product rule for differentiation.
Lemma 6. Let F (t) = 1t and f(t) =
1√
t
. Then we have:
F (2n)(t) =
2n∑
k=0
(
2n
k
)
|f (2n−k)(t)| · |f (k)(t)|. (88)
Finally, we state the standard error estimate for Gauss-Legendre quadrature [4].
Lemma 7. Let f ∈ C2n([a, b]) and let {x1, · · · , xn} and {w1, · · · , wn} be the Gauss-Legendre nodes and
weights scaled to [a, b]. If we denote the quadrature error by En(f), we have:
En(f) =
∫ b
a
f(x)dx−
n∑
k=1
wkf(xk)
=
(b− a)2n+1(n!)4
(2n+ 1)[(2n)!]3
f (2n)(ξ),
(89)
where ξ ∈ [a, b].
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